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FOREWORD 


‘THE PLAN to publish a memorial to Irving Langmuir, including all of the 
scientific output of his brilliant career in research, was announced to me by 
Captain I. R. Maxwell, managing director of Pergamon Press, late in 1958. 
My associates and I were asked to aid the venture by providing editorial advice 
and counsel, by enlisting the cooperation of scientific friends and acquaintan- 
ces, and by assisting in the collection and identification of material. Our enthu- 
siasm for the project and our willingness to cooperate sprang from two impor- 
tant considerations. 


First, Langmuir’s career provides an outstanding example of how free, 
but discriminating, inquiry in pure science may yield not only vital new know- 
ledge and understanding of nature, but also a great bounty of practical use- 
fulness for society. Secondly, Langmuir’s associates hold him not only in great 
respect, but in very great affection as well. Hence the preparation of these 
volumes has been more than a service; it has been a labor of love. 

The original plan was to publish Langmuir’s works in three or four volumes, 
but for very good reasons, which developed during the course of the project, 
the series has grown to twelve volumes. The quantity of Langmuir’s published 
scientific work proved to be far greater than we had estimated, and some 
previously unpublished wartime research and reports on meteorological studies 
were of such importance that their inclusion in the volumes was mandatory. 
Moreover, some exceptionally interesting philosophical papers and publications 
served to round out the literary portrait of Langmuir as a man and as a scientist. 

My associate editors, Sir Eric Rideal and Professor P. W. Bridgman, have con- 
tributed generously from their great wealth of knowledge and their intimate 
acquaintance with Dr. Langmuir. It is a pleasant duty to acknowledge that the 
many members of the Honorary Editorial Advisory Board have participated 
in this venture with enthusiasm, and that their editorial contributions to the 
separate volumes have added tremendously to the appraisal and interpreta- 
tion of Langmuir’s collected works. I particularly want to acknowledge with 
gratitude the valuable work of Professor Harold E. Way of Union College 
who, in the capacity of Executive Editor, has carried the major task of assuring 
that our responsibilities and commitments were fulfilled. 


I first met Irving Langmuir in the General Electric Research Laboratory 
when I joined the research staff in 1930, but our first meeting might equally 
well have taken place on a ski hill in the Adirondacks, at Lake George where 
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he liked to spend the summer, or on a climb on Mt. Marcy, for he had a prevail- 
ing love of the out-of-doors. Whether in the Laboratory or in the mountains, 
"an intense curiosity about natural phenomena constantly pervaded his thoughts. 
In fact, I have never met anyone else who was so well coupled to nature. 

I am sure that, like all observant people, Langmuir perceived the beauty 
of nature as portrayed by the qualities of form, color, mass, movement, and 
perspective. In addition, however, Langmuir was delighted and entranced 
even more by the challenge to understand the working of nature as portrayed 
in the phenomena of everyday life — clouds, ripples on water, bubbles in ice, 
the temperature fluctuations of air and of water, the plastic quality of snow, 
the flight of a deer fly, and the thousands of ‘“‘simple” phenomena which nearly 
everyone takes for granted. These manifestations of nature held endless fas- 
cination for Langmuir, and he constantly challenged himself to explain basic 
phenomena in terms of known laws of science. Of course, the same curiosity 
characterized his work in the Laboratory, and hence, provided the unifying 
motivation for his career, whether at “‘work” or at “play”. 

Langmuir’s scientific work is so completely and perceptively described 
and appraised in the separate volumes of this work that only a few general 
comments and observations are appropriate, or indeed possible, at this point. 

One striking feature of his research method was its instrumental simplicity. 
Although his career extended into the glamour age of science, characterized 
by large, impressive, and expensive machinery such as the cyclotron, the 
synchrotron, and particle and radiation diffraction equipment, his own ex- 
periments were almost invariably simple and uncluttered. He seemed posi- 
tively attracted to simple experimental techniques, in refreshing contrast to 
what sometimes appears to be a fashionable reliance on impressive and expen- 
sive complexity of research equipment. His work with heat transfer in gases, 
and later with electron emission phenomena from metals, employed laboratory 
glassware of stark simplicity. His studies of surface films, especially films 
on water, employed beautifully simple experimental equipment. The Labor- 
atory work on aerosols and smokes, and later on the nucleation of supercooled 
clouds, was all carried on with apparatus that could be assembled from the 
equipment of a typical home. His classical experiments on the “‘speed of deer 
fly” came about as close as possible to the string, wax, and paperclip approach 
to science; yet they sufficed to establish the essential facts sought by the inves- 
tigation. Probably few scientists, before or since Langmuir, have gained 
so much important new knowledge of nature with such simple research equip- 
ment. 

Similarly, Langmuir preferred to work with a few collaborators, rather 
than a large group or team of researchers, for this favoured a close contact 
with the work on a participating basis. His ability to apply mathematical anal- . 
ysis to physical problems was of a high order, and he divided his time about 
equally between experimental work and theoretical work. The combination 
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of outstanding experimental and analytical ability which he possessed occurs 
but rarely in a single individual; most scientists have somewhat greater interests, 
aptitudes, and hence accomplishment in one area or the other. 

Langmuir almost invariably worked on an intense basis and was generally 
completely preoccupied with his current problems. His concentration was 
exceptional, and he might pass you in the hall without seeing you. If you 
reminded him of it, he would smile and acknowledge that he was highly excited 
about some experiments that were in progress, or about some calculation 
that was presenting some puzzling aspects. 

We spend a good ‘deal of time and thought nowadays on the question of 
motivation for scientists, seeking to understand the source and character 
of their drive. In Langmuir’s case, one needs to inquire no further than his 
curiosity. This pronounced trait provided an intense internal source of moti- 
vation, which constantly drove him to inquire and probe and test hypotheses 
until a pattern of understanding was developed. When he was on the trail 
of an exciting mystery, which was usually the case, his intense concentration 
was remarkable to behold. 

Langmuir’s career contributes much to our understanding of creative 
output in research. For example, on the perennial question of creativity and 
age, it has been held by some that the bulk of human creative work is accom- 
plished in early adult life, say in the age bracket between 25 and 35 years. It is 
probable that some purely statistical information might support this view. 
However, I would disagree strongly with the corollary conclusion that creative 
ability is characteristic of this age bracket. In the Laboratory, it is not unusual 
for creative young workers to acquire a greater span of research guidance, 
counselling, and even management responsibility as their career matures, and 
hence their creative contribution will, to a corresponding degree, appear 
in the work of others. I believe that in such cases scientists are generally not 
less, but more creative with advancing age, frequently up to and even through 
retirement. It is clear that purely statistical information would not readily 
reveal this fact. 

It is interesting to examine Langmuir’s career as an example of a scientist 
who remained in active research up to and through retirement, to see what 
role age played in his output. In Volume XII we have depicted Langmuir’s 
achievements as a function of his age, using his scientific publications as evi- 
dence of his gross scientific output, and his principal accomplishments as evi- 
dence of his creative output. The resultant charts show remarkably constant 
productivity throughout his scientific career, and even through retirement. 
Throughout this period Langmuir published an average of five to six scientific 
papers per year. His principal accomplishments, both scientific and practical, 
took place almost uniformly over the period of his researches. Certainly no 
“creative age” can be identified in his career. The example of Langmuir’s 
scientific history does not prove the general thesis, but from the observation 
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of many research careers, I am persuaded that human creativity in science 
is not a significant function of age. 

Creative output, however, ts a function of many other factors that comprise 
the research environment. One important factor is the changing field of re- 
search. Some of the most creative scientists in the history of the General Electric 
Research Laboratory have worked intensively in one field for a period of some 
years, and have then changed quite abruptly to a new field as a source of fresh 
stimulation and new challenge. It is evident that in a period of 5 years, or so, 
one can bring a fresh point of view to a new field, make a major contribution, 
and perhaps exhaust one’s ideas on the subject. At that point of fruition, there 
is a great temptation to sit back and bask in a reputation for eminence which 
has been established in a specialized field of science. The more courageous 
scientist, however, will be challenged, or will, like Langmuir, challenge himself 
to enter a new field. This requires courage, because in the new field he will 
be a neophyte but, at the same time, a scientific entrepreneur with a reputation 
at risk, and this risk may not pay off. 

Langmuir’s career exemplifies the courageous entrepreneur in science. 
It would be difficult to find a common demoninator, except curiosity, in many 
of the fields of science in which he made basic contributions. He never hesi- 
tated to attack new fields, such as protein monolayers, the generation of smoke, 
or meteorology, which were completely new and, hence, challenging territory 
to him. In each of these diverse fields, and in a great many others, he has made 
major basic contributions. 

Some discussion of the very important applied aspects of Langmuir’s scien- 
tific work is appropriate. It is a fact that, although his prevailing motivation 
in research was curiosity about all natural phenomena, he was always perceptive 
of the practical usefulness of research results, and he himself suggested pos- 
sible practical applications of many of the new phenomena which he discovered. 
He was generally able to communicate his enthusiasm to applied scientists 
and engineers interested in the proposed application and to give them guidance 
in its exploration. 

It is interesting to speculate on the way that Langmuir’s career might 
have developed had he chosen an academic, rather than an industrial environ- 
ment for his work in science. My personal belief is that his research would, 
in any environment, have resulted in a high order of scientific accomplishment. 
Although he evidenced little interest in teaching, he was in fact an outstanding 
teacher, and in a university he would have exerted a great influence on students 
who might have been fortunate enough to be in contact with him. But I doubt 
if an academic career for Langmuir would have, or could have, developed 
the great bounty of useful results for society which did come from his exposure 
to a creative industrial scientific environment. The human and economic 
impact of gas-filled lamps, high-vacuum electron tubes, atomic-hydrogen 
welding, space charge emission phenomena, techniques and discoveries in 
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surface chemistry, thyratron arcs (with A. W. Hull), and cloud seeding tech- 
niques has been very great indeed, and in most of these developments the 
influence of his research environment has been unmistakable. 

Wherever Langmuir worked, or might have worked, the world is vastly 
better because of him, and both his former associates and colleagues, and the 
public at large, bear a tremendous debt of gratitude for his genius in science 
and for his perception of human need. 


June 15, 1960 
C. Guy Suits 
Vice-President and Director of Research 
General Electric Company 
Schenectady, New York 


Google 


Original from 


Digitized by Google UNIVERSITY OF VIRGINIA 


PREFACE TO VOLUME 3 


Most of the papers in this volume were written during the 1920’s and early 
1930’s when the science of thermionics was relatively new and developing 
rapidly. Typically, Irving Langmuir started with basic concepts; i.e., his great 
contributions toward firmly establishing Richardson’s theory on thermionic 
emission. In a sense this was an extension of his work on tungsten filaments, 
and the extensive knowledge and experience previously gained made it possible 
for him to contribute substantially to the progress of the science of thermionics. 
After his experimental work on thoriated tungsten filaments showed a sur- 
prising increase in emission, Langmuir set out in characteristic fashion to 
develop a theory to explain what he had observed. Although parts of his theory 
have subsequently been modified, his contributions were of real importance 
at the time. During this period—the early 1920’s—his work on adsorbed 
films also was particularly noteworthy. 

Langmuir’s studies in the field of thermionics illustrates another facet of 
his scientific genius. When he needed a vacuum pump that would give a better 
vacuum, and do the job faster, he simply proceeded to develop one, along with 
an extremely sensitive vacuum gage. 

Dr. J.A. Becker, research physicist,:Bell Telephone Laboratory, an outstand- 
ing authority in the field of thermionic phenomena, was invited to write het 
contributed article for this volume. 


Haro_p E. Way 
Executive Editor 
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INTRODUCTION TO VOLUME 3 
A CONTRIBUTION IN MEMORIAM 


BY Dr. J. A. BECKER 


Thermionics and Vacuum Pumps 


IN THE second decade of the 20th century, Langmuir by experiment and theory 
firmly established that Richardson’s theory of thermionic emission was correct. 
He explored and explained the various factors that might limit the current 
from a hot cathode and then applied this knowledge in the design of practical 
rectifiers, amplifiers and oscillators. Further advances in the science and art 
of thermionics rested on this firm foundation. 

In 1913 Langmuir published an important paper in which he confirmed 
that the current ¢ from a hot cathode to an anode kept at a fixed positive potential 
V increased with the temperature JT in accord with Richardson’s equation 

t= a] et (1) 


in which a and bare constants that depend on the surface of the cathode. Beyond 
a certain 7, 1 drops below the value given by this equation and then approaches 
a constant value independent of 7. Langmuir and others recognized that this 
limitation could be caused by a negative space charge due to the cloud of elec- 
trons between the cathode and anode. For parallel plates he derived the rela- 
tionship 








= 22)" —_ —6 32/2 
in which X is the distance between cathode and anode. For concentric cylinders 
he derived 
_ 2¥2(e\" we. ‘i 
{= 2y2 (2) 7a 14.6V32/r (3) 


in which r = radius of anode, 8 is a somewhat complicated function of In r/a 
where @ = radius of cathode. Langmuir gave an approximate table of values 
of 8 and r/a. According to this table, 8 is nearly 1.0 for r/a > 10. A more correct 
table was published later. The experiments in tubes in which both cathode 
and anode were tungsten wires showed that 7 increased as V** and that the 
numerical coefficient was of the right order. Later Dushman and others, using 
coaxial cylinders, experimentally verified a slightly improved equation. 
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Langmuir showed that if positive ions were produced from residual gas, 
the positive charge decreased the electron space charge and thus gave currents 
which were larger than predicted by equation (3). The positive ions also changed 
the potential of the glass walls which still further affected the electron current. 
Such erratic and unpredictable effects are very objectionable in practical tubes. 
Langmuir used these effects to explain the erratic and puzzling results found 
by others who had erroneously concluded that thermionic emission was due 
only to reactions between gas and the material of the cathode. 

Having understood the various factors which could cause erroneous results, 
Langmuir investigated the true nature of thermionic emission. He fortunately 
chose tungsten as the most generally desirable cathode, because it was readily 
available to him and because it could be heated to such high temperatures 
that most accidental impurities could be removed quickly. This made it possible 
to get reproducible results which were characteristic of the cathode material. 
Other materials like nickel, platinum, or carbon could not be freed easily from 
small amounts of accidental impurities; consequently, the emission from dif- 
ferent samples yielded drastically different results. His values of current per 
cm? vs. J for tungsten are still substantially correct. Preliminary results were 
also given for Ta, Mo, Pt and C. 

Next Langmuir investigated the effects of simple gases on the thermionic 
current. He found that O,, H,O, H,, CO and N, decreased 7 in Richardson’s 
equation; this was so even though ‘‘a’”’ was increased because the effect of 
a decreasing ‘‘b’” dominated. In some cases, particularly with N,, the ions 
of the gas were more effective in lowering the current than were the molecules; 
this showed itself by the fact that the effect was more pronounced at high anode 
voltages than at low voltages. These effects were more pronounced at low 
temperatures and gradually decreased as T increased. At high enough 7, the 
surface was essentially clean and the emission current approached the value 
for the current in a good vacuum. 

Langmuir ascribed the decrease in current to compounds formed with 
the tungsten; these were said to emit more poorly than clean tungsten; at high 
temperatures these compounds decompose or evaporate very rapidly so that 
the surface stays clean. Later in his career he modified this point of view. Today, 
in 1960, it is generally accepted that gases like O,, H, and N, are chemisorbed 
as atoms in such a way that they form dipoles with negative charges directed 
away from the surface; such dipoles increase the work function and thus decrease 
the current. Only a fraction of the gaseous molecules which strike the tungsten 
become chemisorbed as atoms or “‘stick’’. The sticking probability decreases 
as T increases. Most of the molecules are physisorbed for a very small fraction 
of a second and rapidly leave the surface even at room temperature. The chemi- 
sorbed atoms have a much longer life time on the surface than do physisorbed 
molecules; however, they usually evaporate as molecules if the temperature 
is high enough. Nt or N* ions or N atoms have a sticking probability close 
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to 1.0. Hence they are more effective in decreasing the current than an equal 
number of molecules. This is why at higher anode voltages, where positive 
ions are formed and travel to the cathode, the surface is covered with more 
N atoms than at low V where fewer or no ions are formed. 

In 1915 Langmuir enlarged on the characteristics of thermionic emission 
to engineers and showed how these could be applied in rectifiers, amplifiers 
and oscillators. He emphasized the advantages for industry of reproducibility, 
predictability and constancy of performance, and long life. Seven years later 
the same advantages could be attained in High Power Vacuum Tubes. The 
advantages of thoriated tungsten and the use of getters were advocated. 

A 1920 article repeated the previously described characteristics and added 
some new features. It described the behavior of thermionic currents for retard- 
ing potentials, considered the effects due to contact potentials, magnetic 
fields, non-uniform cathode temperatures, secondary electrons and wall charges. 
It also pointed out that the initial velocities of the electrons which leave the 
cathode have appreciable effects. It showed how all of these effects apply to 
experimental and industrial tubes. 

By 1923 the effect of initial velocities on the space charge equation had 
been computed by Epstein, Fry, and by Laue. Langmuir reviewed these papers 
and compared them with similar computations made at the General Electric 
Co. The initial velocities produce a minimum V,, in the potential between 
cathode and anode at a distance X,,. V,, and X,, depend in a predictable manner 
on tube dimensions and on V. For parallel plates the space charge equation 
becomes 


7% 1/2 
i= [£142.66] "(7-1)" (X—XQ) () 


n is a numeric given in a table. 
For coaxial cylinders, Langmuir and Blodgett derived: 


BUN P-nitegTR 0 


where V, is the average initial velocity in electron volts, 4 is a numeric given 
in a table; its value is between 1 and 2. In another article Langmuir dealt with 
space charge in concentric spheres. 

Since Langmuir’s time Richardson’s equation, which was based on Maxwell’s 
distribution of electron energies, has been replaced by one based on quantum 
mechanics and a Fermi distribution. It is 


t = AT*e—5/T = 120T?%e—9u.cor (6) 
Theory predicts that A should be 120 A/cm* per °K?. B (in °K) = ®e/k 
= 11,600 ® (in electron volts). B and ® may vary with T. 


A second major change in our understanding of thermionic emission is 
that z, A, and B depend not only on the material of the cathode but on how 
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the atoms are arranged on the surface i.e., on the crystallographic plane which 
is exposed. This has been shown most clearly in photoelectric and in field 
emission experiments from which ® can be deduced at a constant T and over 
a large range of J. For a polycrystalline wire of tungsten, the average ® or 
work function is 4.5V; for a tungsten surface exposing a 310 or a 411 plane, 
® = 4.20V; for a 110 plane, ® = 6.0V or more. The difference in i for different 
planes is determined chiefly by changes in ® rather than by changes in A. 

Early in his studies on the properties of tungsten, Langmuir realized that 
if he was to obtain reproducible results he would require vacuum pumps with 
pump speeds far in excess of any which were available. After Gaede described 
a new mercury vapor diffusion pump in 1915, Langmuir reasoned that by 
cooling the walls of the pump near the nozzle so as to condense the mercury 
vapor stream and prevent its re-evaporation, the gas to be pumped could readily 
diffuse into the stream which then propelled it out of the system. This should 
greatly increase the pump speed. In 1916 he published two important papers}? 
which elaborated his ideas, described several models and gave performance 
data for glass and for metal condensation pumps. The pump speeds were 3000 
to 4000 cm*/sec compared with 80 cm?/sec reported by Gaede for his diffusion 
pump. Modern mercury vapor diffusion pumps are essentially like those descri- 
bed by Langmuir in 1916. He pointed out the necessity of baking all glass 
parts and of heating all metal parts to high temperatures in order to decrease 
their rate of evolution of gas at operating temperatures. He also taught that 
if the high speeds of the pump were to be used effectively, all glass connecting 
tubing should be of large diameter and as short as conveniently possible. By 
practising what he preached, Langmuir obtained pressures as low as 10-° mm 
of Hg; this was as low a pressure as could be measured by vacuum gauges 
in 1916. 

To improve vacuum techniques it was necessary to be able to measure low 
pressures quickly and reliably. The McLeod gauge was too cumbersome, too 
slow and not sensitive enough. So in 1913 Langmuir described a new vacuum 
gauge of “‘extreme sensitiveness”, which could rapidly measure pressures 
as low as 10-7 mm. It measured the torque on a stationary disk produced by 
a nearby rotating disk. This torque or deflection was directly proportional 
to the pressure and to the speed of the rotating disk. This gauge would probably 
have been used extensively if it had not been superseded by a still more con- 
venient, more rapid, and more sensitive ion gauge first described by Buckley. 
More recently this ion gauge has been improved by Bayard and Alpert by 
collecting the ions on a small wire collector which greatly decreases the spurious 
secondary electrons leaving this collector. With this gauge one can measure 
pressures of 10-!! mm of Hg and record changes in pressure in 10-* seconds. 

Today, in 1960, mercury diffusion pumps are still used extensively to obtain 
pressures near 10-® or 10-° mm. Recently it has been found that by super- 
heating the stream of mercury vapor, the scattering of mercury out of the nozzle 
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is decreased by factors of 10. This decreases the rate at which mercury flows 
into the cold trap and permits lower pressures to be attained. In many diffusion 
pumps, mercury has been replaced by special oils which have a low vapor 
pressure at room temperature. The small residual oil vapor can be trapped 
for months by pellets of Al,O, or other spongy adsorbents. These traps do 
not require any cooling agent and can be designed to have a considerably 
larger conductance than the conventional liquid air trap.® 

An entirely new pump—the vapor ion pump® — is currently being devel- 
oped and tried out. In it a chemically active metal such as titanium is contin- 
uously vaporized and deposited on large cold walls while the metal and gas 
atoms or molecules are ionized by an electron discharge. Chemically active 
gases such as O,, H,O, CO,, H, and C,H, are pumped extremely rapidly by 
being chemisorbed on the continuously renewed clean metal surface. Each 
square cm of wall can contribute a pump speed of about 3000 cm?/sec. Rare 
gases such as helium and argon and chemically less active gases must first be 
ionized and are then adsorbed on the clean metal surfaces at somewhat lower 
pump speeds. The vapor ion pump is used in conjunction with high speed 
mechanical forepumps. Such systems do not require liquid air cooling although 
some kind of oil vapor trap is desirable. 


Electron Emission and Adsorbed Films 


Early in his studies on tungsten and on thermionics, Langmuir noticed 
that a few tungsten filaments were much better thermionic emitters than most 
tungsten filaments. He soon found that the active filaments had been made 
by a process in which small amounts of thorium oxide had been added to the 
tungsten powders. Early experiments showed that the enhanced emission was 
due to metallic thorium which was reduced from the oxide at temperatures 
near 2800°K and which diffused to the tungsten surface at temperatures near 
2000°K. The great increase in emission was a startling result to Langmuir 
since his previous studies reported in Part 1 had led him to believe that 
foreign adsorbates like O,, CO, or H,O always decreased the emission. He soon 
recognized that these gases were electronegative while thorium was electro- 
positive. It is easy to imagine that Langmuir then reasoned that if one desired 
even greater emissions, one should form adsorbed films on tungsten of the 
most electropositive element, namely caesium. This prediction was strikingly 
confirmed by experiments which were described in numerous publications 
from 1923 on. It was shown that at 800°K the emission from a tungsten surface 
was increased by a factor of 101*; or that the work function was reduced from 
4.5 to 1.6V. These sensational revelations stimulated a great deal of interest 
in electron emission and in the study of the nature of adsorbed films. In the 
decade 1923 to 1933 Langmuir contributed the lion’s share in this study and 
in its exposition to physicists, chemists and engineers. 
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In his 1923 paper on thoriated tungsten filaments, Langmuir showed 
that when the filament was flashed at 2800 for about 20 sec, was suddenly 
cooled to room temperature, and was then raised to a testing temperature of 
- about 1700°K, its emission current 7 was that for clean tungsten. It was now 
heat treated at 2050°K for successive time intervals of say 20 min each, and 
i was measured at 1700°K after each interval. A plot of log 7 vs. t, the total 
time at 2050°K, gave a smooth curve with an initial steep slope; the slope de- 
creased more and more until after 180 min it was nearly zero. At that time 
the current was 105 times its initial current. See the right side of Fig. 2.4 

Langmuir explained the increase in emission in terms of a theory which 
is based on the following postulates: (1) A thorium atom which is adsorbed 
on the tungsten surface forms a positive dipole of moment M, equal to the 
electron charge times the displacement of the valence electrons toward the 
tungsten surface. (2) The value of M is the same for all adatoms over the whole 
range of concentration. (3) The decrease in work function is proportional to 
Mxthe number of adatoms per cm*. (4) Log 7 changes because M affects the 
**b” in Richardson’s equation but does not materially affect “a”. (5) When 
the surface is ‘‘saturated”, log 7 attains a maximum value, and the surface 
is covered with a complete single layer. (6) Any additional thorium atoms can 
no longer contact tungsten atoms but must form a second “‘layer”. The bond 
strength is then much weaker and thorium in this second “‘layer’’ evaporates 
as quickly as it is formed. . 

Langmuir then defined a quantity 6 by the equation 


= (log i—log #9) /(log 7, —log #,) (7) 
where i, is the current at tf = 0 when 0 = 0; 7, =: after a long time when 
6 = 1.0; ¢ is the current at any intermediate ¢. As thus defined, 6 would be 
a measure of the fraction of the surface covered if and only if all the postulates 
were correct, especially postulate 2. If the accumulation rate for thorium on 
the surface were independent of ¢ then the log 7 vs. t curve should be a straight 
line. Actually Fig. 2 shows it to curve in such a way that 


log (1—0) = —At (8) 
from which it follows that 
d6/dt = k(1—6) (9) 


Langmuir accounted for this behaviour by making an additional postulate: 
(7) If a thorium atom diffuses to the surface at a “‘site’”” which is already occu- 
pied, the new atom “‘induces” the old one to evaporate. This he called ‘“‘induced 
evaporation”. Equation (9) is often referred to as Langmuir’s (1—6) “‘law”. 
Langmuir recognized that if the thorium adatoms were readily mobile at acti- 
vating temperatures, the induced evaporation postulate could not hold and 
Eq. (9) would be invalid. But since his theory fitted the experimental results 
for a whole range of activating temperatures he concluded that the forces between 
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a thorium adatom and tungsten atoms were so strong that they did not permit 
surface movement from one site to a neighboring one even at T = 2100°K. 

Langmuir’s theory did not explain why at low activating temperatures such 
as 1900°K, the emission increased to a maximum and then decreased again 
to become steady at a lower value. His theory also did not attempt to explain 
how the work function should vary with the crystallographic plane or how 
the activation process should depend on which plane was exposed. 

If Langmuir’s 9, defined by Eq. (7), were truly a measure of the number 
of thorium adatoms per cm’, then he could calculate these numbers if a value 
could be assigned to N, the number per cm? when @ = 1.0. For N, Langmuir 
calculated 0.756105. This calculation was based on the assumptions that 
for 6 = 1.0 there are one half as many thorium atom as there are tungsten 
atoms in a 110 plane, and that the surface of a single crystal sphere consists 
only of small facets of 110 planes; the total area of all such facets was calculated 
to be 1.06 times the apparent surface area. 

From experiments on diffusion rates and evaporation rates, expressed in 
terms of 6 units, Langmuir obtained numerical values. These showed that 
the calculated rate of evaporation at 2300°K only increased by 1.2 when @ in- 
creased by a factor of 9 from 0.1 to 0.9 [see Table V‘]. This surprising result 
might have made one suspect that some of the postulates and assumptions 
used to make the calculations must be erroneous, and that 6 as defined by 
Eq. (7) was not a correct measure of surface concentration of adatoms. Hence 
all other calculated values such as diffusion rates, heats of diffusion and heats 
of evaporation are likely to be wrong. 

During the course of the next ten years Langmuir came to realize this and 
in his 1934 paper® on thoriated tungsten, he no longer uses Eqs. (7) and (9), 
and no longer believes in induced evaporation or in the (1—6) law; instead 
he believes that as N increases, the dipole moment of electropositive adatoms 
decreases in just the right way to account for the observed rate of change of 
log z with time of activation. By 1934 he teaches that adatoms move over the 
surface more readily than they evaporate. A student of these papers is well 
advised to read first the 1933 paper® on caesium on tungsten and the 19345 
paper on thorium on tungsten before reading the earlier papers in this volume. 

In appraising Langmuir’s contribution to the fields of Electron Emission 
and Adsorbed Films as presented in his papers reproduced in this chapter, it 
seems appropriate and desirable to divide his contributions into two categories: 
those in which he pioneered and which have stood the test of time; and those 
experiments and concepts which have been modified or superseded. The 
first category includes the following important and new contributions. When 
electropositive metals like caesium or thorium are adsorbed on a metal like 
tungsten, the electron emission current at a given temperature is increased 
by factors which may be as high as 10%; as the amount of adsorbate increases, 
the current increases, comes to a maximum, and then decreases to a value 
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characteristic of the bulk adsorbate. This increase in current is due primarily 
to a decrease in work function which is the work required to remove an average 
electron inside the metal, across the surface to infinity. The work function is 
reduced because the caesium or thorium adatoms form electropositive dipoles 
which can produce electrical fields of very high value (107 or 10® V/cm) at 
the surface, but die off rapidly with distance from the surface. The integral 
of these fields with distance gives the decrease in potential or work function. 
The adatoms are held to the surface by forces which are as strong or stronger 
than the forces such atoms experience in ordinary chemical compounds, and 
the energies of adsorption are larger than the energies involved in vaporization. 
Because of the strong dipole fields, the energy of desorption decreases with 
surface concentration. For caesium or tungsten this decrease is particularly 
rapid when the concentration is 1.5 times that for the optimum electron emis- 
sion. Because of this experimental result, Langmuir defined a ‘‘monolayer” 
as this concentration. By assuming that only 110 planes can exist on any tungsten 
surface he deduced a surface area excess factor of 1.347 and that a monolayer 
consisted of one caesium atom for four surface tungsten atoms in a 110 plane. 
The dipole fields are in such a direction that they increase the work to evapo- 
rate an ion and hence the positive ion current decreases as adatom concentration 
increases. He showed that for low concentrations and for high enough tem- 
peratures, every caesium atom that strikes the surface evaporates as a positive 
ion. At high concentrations only caesium atoms evaporate. At intermediate 
concentrations both atoms and ions evaporate from the same surface at the 
same time. This atom-ion behavior is in accord with Langmuir’s deduction 
that the energy to evaporate electrons ®,, positive ions ®,, and neutral atoms 
®,, must be related to the ionization potential J by an energy balance equation 
®, = ,+6,—I. From this it follows that ions evaporate more profusely 
than atoms if ®, is greater than J. From this energy balance equation, and 
a number of assumptions and approximations on the relation between log i,, 
and log 1, with ®, and ®,, Langmuir derived equations from which he could 
calculate the change in ®, as a function of concentration not only from log #,, 
and from log 7,, but also from the experimental values of atom evaporation 
rates. This is a remarkable achievement of analysis, even though one may 
question some of the simplifying assumptions and even though the agreement 
is good only up to the optimum concentration. See Fig. 14 of his 1933 paper’? 
on Cs on W. Langmuir also investigated the behavior of caesium on a tungsten 
surface covered with a “‘monolayer”’ of adsorbed oxygen. This oxygen remains 
adsorbed at 1400°K but all adsorbed caesium is very rapidly removed. Such 
an oxygen film raises ®, for clean tungsten, but for an optimum amount of 
adsorbed caesium, ®, is even lower than that for caesium on tungsten. 

We now consider in what respects Langmuir’s concepts were improved, 
modified or discarded by 1960. The chief change came about by a much more 
intense study of the surface properties of various crystallographic planes. 
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Thus it is now well established that while the ‘‘average” value of ®, for tung- 
sten is 4.5 V ©, = 4.2 for the 310 or 411 planes; ®, = 4.6 for the 100 plane; 
and may be as high as 5.5 or even 6.0 V for the 110 plane. The new tools 
which have done most to show differences due to various crystal planes are 
the field emission microscope and the ion gauge used to measure rapid changes 
in pressure during adsorption and on flash-off. In the field emission microscope 
one can see from the pattern on a fluorescent screen, that the electron emission 
intensity for clean tungsten varies by very large factors for different crfstallo- 
graphic planes. The highest emissions come from those planes or regions in 
which the outermost tungsten atoms have 4 nearest neighbors; the intermediate 
intensity comes from planes composed of 5 nearest neighbor atoms; while 
the lowest intensity comes from the 110 plane which is composed of tungsten 
atoms which touch 6 nearest neighbors. In the interior of a crystal, each tung- 
sten atom touches 8 nearest neighbors. One might say a tungsten atom can 
share its valence electrons with 8 others; in the 110 plane it has only 2 unshared 
or ‘‘free” electrons; in the 211 plane it has 3; and in the 111 and 100 planes 
it has 4 ‘“‘free’”’ electrons. As foreign molecules such as H;, O, or CH, strike 
these various planes at a constant rate, the intensity of emission or the work 
function changes at different rates for different planes, and different planes 
become “‘saturated” or give a steady emission at different times. Also when 
the surface is then heated to a uniform temperature, some planes change much 
more rapidly than do other planes. This shows that the adsorption and desorp- 
tion characteristics depend very much on the crystallographic plane. 

If one observes the rate of deactivation of electron current on any one plane, 
one finds that this rate changes abruptly when every surface tungsten atom has 
made one valence bond with an atom of the adsorbate, and changes again when 
every tungsten atom has made two valence bonds with adatoms. In other words, 
on every single crystal plane, adsorption takes place in distinct stages, each 
stage being completed when another valence has been satisfied for each tungsten 
surface atom. There is also an abrupt increase in evaporation rate of adatoms 
at the end of each stage. One must, therefore, consider not only a ‘‘monolayer” 
but several ‘‘monolayers” before the bonding of additional adatoms or ad- 
molecules gets so weak that it appears to be due to physisorption or to Van 
der Waal’s forces. 

In considering a monolayer on tungsten, one should specify the particular 
plane being considered. On a 110 plane there are 1.41 x 10"5 tungsten atoms/cm?; 
on a 100 plane 1.00 x 10"5; on a 111 plane 0.58 x 10; and on a 411 plane only 
0.48 x 10'5 atoms/cm?. Hence one stage of adsorption or one monolayer is com- 
pleted on a 411 plane with only one third as many adatoms as on a 110 plane. 

The direction of migration and the ease of migration are very different 
for different planes. Surface migration or mobility is now known to be much 
more common and is much better understood than it was in Langmuir’s time. 
In fact one can now state a rough rule: the temperature at which migration is 
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readily observed is only one-half to one-third that at which the evaporation 
rate is easily observed. This means that tungsten atoms begin to be mobile 
at 1200 to 1400°K; at 2400°K where evaporation is still small, the mobility is 
so violent that the tungsten surface atoms act like a two dimensional liquid 
and surface tension forces ‘‘fire polish” the surface and smooth it out. These 
and many other interesting results on electron emission and adsorption pheno- 
mena are reviewed in other articles,10-11.13.18 

Langmuir’s concepts on the surface excess factor, i.e., the ratio of true sur- 
face area to apparent surface area, need to be reconsidered. He deduced that 
the surface of single crystals of tungsten etched by heating it at high tempera- 
tures reflected light from small facets of 110 planes existing in etch pits. The 
angles between such reflecting facets were just those that exist between 110 
planes in face centered cubic crystals. This deduction is correct, but when 
he then claims that therefore the entire surface must consist solely of such facets, 
his conclusion is not borne out by later and much more extensive studies. In 
order for specular light reflections to be observed, the reflecting facets must 
be larger than the wavelength of light. In a high power microscope one can 
see and resolve many etch pits in surfaces etched by heating and especially 
etched by chemical agents. We now know that the size of these etch pits is 
closely clustered about some mean value of about 10-4 cm. In particular the 
number of pits of a particular size does not decrease as the size gets indefinitely 
smaller. These etch pits start only at points on the surface where there is a 
dislocation or other imperfection in the crystal. The total area of the etch pit 
facets is very small compared with the apparent surface area. On a perfect 
110 surface there should be no tendency for etch pits to form and there should 
be no surface excess; that is, the apparent surface should be equal to the true 
surface. Furthermore, since high temperatures make the surface atoms highly 
mobile and thus produce a liquid like surface tension, one would expect that 
at high temperatures surface roughness or excess areas should be reduced 
rather than produced. 

In view of these findings it is desirable to re-examine the significance of 
the data found at the concentration near the optimum for electron emission. 
Langmuir finds that this occurs when there are 3.2 x 10'4 adatoms/cm? of ap- 
parent surface on the 110 plane. Becker reported 3.8 x 10% for this same con- 
dition.1° The mean value is 3.510. There are 14.110“ tungsten atoms 
per cm? on an ideal 110 plane. So that at the optimum emission there are 
4 tungsten atoms for each caesium adatom. This ratio is what both Langmuir 
and Becker would expect for a monolayer based on the dimensions of the caesium 
and tungsten atoms. Hence it would be logical to call this concentration a mono- 
layer. Langmuir defines 6 = 1 as a concentration of 4.810 adatoms/cm? 
of apparent surface. We would then call this concentration 1.5 monolayers; 
we would ascribe the intermediate rate of evaporation of atoms from 1.0 to 
1.5 monolayers as due to Cs adatoms which are not completely shielded from 
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the attractive forces of the tungsten. Only after 1.5 monolayers is the shielding 
nearly complete and caesium adatoms can only touch previously adsorbed 
caesium atoms which are only slightly polarized or have only slight electrical 
moments. This interpretation would explain why Langmuir’s two calculated 
curves in Fig. 14’ referred to above deviate so markedly beyond the optimum 
concentration. 

Langmuir sometimes seems to define a monolayer as that concentration 
at which the adsorption properties change rather suddenly. For such properties 
we might consider sticking probability, electron emission, rate of evaporation 
of adatoms, or a rather abrupt change in the slope of the rate of evaporation 
curve with 6. Both Langmuir and Becker report that the evaporation rate for 
adatoms or », does not change drastically at the optimum concentration; how- 
ever, at this concentration there is a decided change in d log »,/d6. Langmuir 
plots this function, which he calls H, in Fig. 25.7 Below the optimum H decrea- 
ses, comes to a minimum near the optimum, and then rises rather abruptly. 
Hence experimental values for log 1, and for the derivative of the log of the 
adatom evaporation rate with respect to concentration have either a max. or 
a min. at a concentration when there is nearly one caesium adatom for four 
tungsten adatoms. Today it would seem to be more logical to define a monolayer 
in terms of a concentration at which several adsorption characteristics change 
rather than to base it only on the concentration at which the bond strength 
for adatoms approaches the bond strength of caesium to bulk caesium. 

When one looks at the many new experimental facts and the numerous 
new and at times revolutionary concepts which Langmuir brought to light, 
it is a remarkable tribute to Langmuir’s perspicacity, courage, wisdom, 
resourcefulness and persuasiveness that today, 25 years after his last paper was 
published, only a relatively few of his findings and views need to be revised. 
The publication of these Langmuir Memorial Volumes, together with an 
appraisal of his work in the light of today’s knowledge, should make it easier 
for future generations of scientists to benefit from his work and to be inspired 
to follow in his footsteps. 


J. A. BECKER 
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THE EFFECT OF SPACE CHARGE AND RESIDUAL GASES 
ON THERMIONIC CURRENTS IN HIGH VACUUM 


Physical Review 
Vol. II, No. 6, 450, December (1913). 


WHEN a carbon or metal filament is heated in a vacuum and surrounded by 
a positively charged metal cylinder, it is well known that electrons are given 
off by the hot solid. This effect in lamps has been commonly known as the 
Edison effect and has been rather fully described in the case of carbon lamps 
by Fleming. 

Richardson and others have studied quantitatively the ionization produced 
by hot solids, especially from heated platinum, and have collected a large 
amount of data. It has generally been found that the saturation current is in- 
dependent of the pressure of the gas and increases rapidly with increasing 
temperature of the filament. However, certain gases were found to have very 
marked effects; for example, traces of hydrogen were found to enormously 
increase the saturation current obtained from hot platinum.*? Recent investi- 
gations have shown? that at least in some cases the current is due to secondary 
chemical effects. ‘ 

Pring and Parker* showed that the current obtained from incandescent 
carbon could be cut down to very small values by progressive purification 
of the carbon and improvement of the vacuum. They conclude that “‘the large 
currents hitherto obtained with heated carbon cannot be ascribed to the emission 
of electrons from carbon itself, but that they are probably due to some reaction 
at high temperatures between the carbon, or contained impurities, and the 
surrounding gases, which involves the emission of electrons.” Pring and Par- 
ker observed also that the ionization (or rather thermionic current) “increased 
only very slightly with the temperature above 1800°.” 

The effect of these publications, together with that of Soddy,' who noticed 
similar effects with a Wehnelt cathode, has been to cast doubt on the existence 


[Eprror’s Note: Part of this paper was published in Phys. Zeit. 15, 348 (1914), and part 
in Phys. Zeit. 15, 516 (1914).] 

1 Phil. Mag. 42, p. 52 (1896). 

* H. A. Wilson, Phil. Trans. 202, 243 (1903). 

* Fredenhagen, Ver. d. phys. Ges. 14, 384 (1912). 

* Phil. Mag. 23, 192 (1912). 

5 Nature 77, 53 (1907). 
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of a thermionic current in a perfect vacuum and from pure metals. The opinion 
seems to be gaining ground, especially in Germany, that the emission of elec- 
trons from incandescent solids is a secondary effect produced by chemical 
reactions, or at least is caused by the presence of gas. 

With the above-mentioned exceptions, it has generally been found that 
the thermionic current increased with the temperature at a very high rate. 
The relation between current and temperature was usually accurately repre- 
sented by Richardson’s equation 

e 
i=a,Te*, (1) 
where « and 5 are constants and i is the saturation current at the absolute 
temperature T. 

If the older values of @ and 5 as found, for example, for carbon, are sub- 
stituted in the above equation and the currents for very high temperatures 
(above 2500°) are calculated, values of many amperes or even thousands of 
amperes per square cm are usually obtained. This raises the question why in 
ordinary incandescent lamps very large thermionic currents do not occur, 

There is every reason to think that the thermionic current from tungsten 
should be fairly large. When we run a tungsten lamp up to 2 or even 2.5 times 
its normal voltage (filament temperature 2900-3400°K) we should there- 
fore expect to get thermionic currents of several amperes between the two 
ends of the filament. Simple observation of a lamp run under such conditions 
indicates that this is not the case. For example, consider a lamp which takes 
110 volts and 0.3 ampere when running at normal specific consumption (1.25 
watts per candle). By raising the voltage to 250, the temperature of the filament 
will be brought to about 3000°K and the current is then about 0.45 ampere. 
The resistance of the filament has thus increased from 366 ohms up to 555. 
The total surface of the filament is near!y half a square cm, vet it is evident 
that if there is any thermionic current between the two ends of the filament, 
it cannot exceed a few hundredths of an ampere. This apparent discrepancy 
between the results of calculation by Richardson’s equation and the facts 
observed with a tungsten lamp seemed at first to confirm the growing opinion 
that in a very high vacuum the thermionic current is very small, if not entirely 
absent. 

Experiments on the Edison effect in tungsten lamps, made some time 
ago by the writer, throw a great deal of light on the cause of the apparent failure 
of R:chardson’s equation at Ligh temperatures. The observations therefore 
seem of sufficient interest to warrant their publication. 


Experiments on Edison Effect in Tungsten Lamps 


Some lamps were made containing two single loop (hairpin) tungsten 
filaments with separate leading-in wires. Each loop could thus be mun sep- 
arately. The lamps were given a specially good lamp exhaust, which invelved 
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heating them to 360° for an hour while being exhausted with a mercury pump. 
A trap immersed in liquid air was placed between the pump and the lamp 
to condense out water vapor, carbon dioxide and mercury vapor. The filaments 
were then connected in series and the lamps run at a specific consumption of 
about 1 watt per candle for fifteen minutes, to drive the gas from the filaments. 
The lamps were then sealed off from the pump and the filaments were again 
heated, this time being run at 0.4 watt per candle for a few minutes, to age the 
filaments and improve the vacuum (clean-up effect). 

Experiments were then undertaken to measure the thermionic currents 
that flowed across the space between the two filaments when one was heated 
to various temperatures while the other was connected to a constant source 
of positive potential of about 125 volts. A milliammeter was connected in 
series with the cold filament. 

When the temperature of the cathode filament was raised to about 2000°K 
a current of about 0.0001 ampere was observed to flow between the two fila- 
ments. As this temperature was raised the thermionic current rose very ra- 
pidly, until at about 2200°K it was about 0.0006 ampere. As the temperature 
was raised above 2200°K, no further increase in the thermionic current occurred, 
even when the filament was heated nearly to the melting-point (3540°K). 
By raising the voltage on the anode to about 250 volts, the thermionic current 
increased to about 0.0015 ampere. It required, however, a temperature about 
200° higher to reach this current than had been found necessary to reach the 
maximum current at the lower voltage. At temperatures below 2200°K, the 
current was practically the same with 125 as with 250 volts. 

The results of a later and more accurate experiment are given in Fig. 1. 
The filament used for these measurements consisted of a single loop of drawn 
tungsten wire, of diameter 0.0069 cm and total length of 10.84 cm and area 
of 0.234 sq. cm. A similar filament, at a distance of about 1.2 cm, served as 
anode. Both filaments had been aged a couple of hours at high temperature 
and the vacuum thus obtained was certainly better than 10-* mm.? 


The temperatures of the filament were determined from the relation 
T= 11,230 
~~ 7,029—log,,)H ’ 


where H is the intrinsic brilliancy of the filament in international candles 
per sq. cm of projected area.® 

The points indicated by small circles (Fig. 1) are experimentally deter- 
mined. Two different anode voltages were used: 240 and 120 volts, with respect 
to the negative terminal of the filament which served as hot cathode. The 
voltage used to heat the cathode varied from about 7 to 15 volts, so the av- 

1 Judging from measurements on similar lamps made by means of the “‘molecular” gage 
described by the writer, Phys. Rev. 1 (2), 337 (1913). 

* The derivation of this formula will soon be published, probably in the Physical Review. 
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erage potential difference between anode and cathode was somewhat less than 
240 and 120 volts. The curve given for 60 volts was determined from other 
experiments devised especially to determine the effect of voltage variations. 

It is seen from these curves that at low temperatures the current for all 
three voltages is the same, but that as the temperature is raised the currents 
at the lower voltages fall below those for higher voltages and finally each in 
turn reaches a constant value. 


aa 


CSC PT 





By plotting (logi — } log T) against 1/7 it was found that all the points 
on the 240-volt curve up to a temperature of about 2150° lay very close to 
a straight line. This indicates that these results can be expressed by Richardson’s 
equation. From the slope and position of the line, the values of a and 5b of 
Richardson’s equation were found to be 


a = 27 x 10* (amperes per sq. cm), 
b = 55,600 (degrees). 
The heavy black curve of Fig. 1 was calculated by plotting Richardson’s 
equation, using these values of a and b. The agreement between this curve 


and the experiments at low temperature is nearly perfect; in fact, much better 
than can be seen from Fig. 1. 
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It is seen that each experimentally determined curve can be divided into 
three parts: 

1. A part which follows Richardson’s equation accurately. 

2. A part which consists of a horizontal straight line; that is, a part in 
which the current is independent of the temperature of the filament. 

3. A transition curve between these. 

The horizontal part of the curve was of particular interest. The current 
being independent of the temperature of the filament is probably independent 
of the nature of the cathode. It seemed possible, however, that it might be 
dependent on the anode. Several experiments were undertaken to determine 
the factors which governed the value of this new kind of “temperature” sa- 
turation current. It was found that it was very largely affected by any one 
of the four factors: 

1. Voltage of anode. 

2. Presence of magnetic field. 

3. Area of anode. 

4. Distance from anode to cathode. 

It is especially noteworthy that none of these factors had any influence on 
the thermionic current over the first part of the curve: #.e., that part which 
follows Richardson’s equation. That is, the constants a and b were not affected 
by voltage, or magnetic field, or distance, or area of anode. 

After trying out several hypotheses which suggested themselves, it finally 
occurred to the writer that this temperature saturation might be due to a space 
charge produced by the electrons between the cathode and anode. The theory 
of electronic conduction in a space devoid of all positive charges or gas mole- 
cules seems to have been strangely neglected. It has apparently always been 
taken for granted that positive ions are present, or at least a sufficient amount 
of gas, so that the motion of the electrons follows the laws of diffusion 
J. J. Thomson! gives the differential equations that apply to the calculation of 
electron conduction through space, and suggests that a method for the determi- 
nation of e|m could be worked out in this way. He apparently does not fully 
integrate the equations nor realizes their application to ordinary thermionic 
currents. 


Theory of Electronic Conduction in a Space Devoid of Molecules 
or Positive Ions 
In order to form a clear conception of the problem before us, let us con- 
sider (see Fig. 2) two infinite parallel planes, A and B, one of which, A, has 
the properties of an incandescent solid; that is, we assume that it emits low 
velocity electrons spontaneously. The other, plane B, we consider to be posi- 
tively charged. 


1 Conduction of Electricity through Gases, 2nd edition, p. 223. 
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Now if the temperature of the plate A is so low that few or no electrons 
are emitted, then the potential between the two plates will vary linearly between 
the two, as indicated by the line PT. 

As the temperature of A is raised, electrons are emitted. Under the influ- 
ence of the field these pass across the space from A to B and thus constitute 
a current of magnitude ¢ (per sq. cm). 

These electrons move with a velocity which depends on the potential drop 
through which they have passed. Let us assume, as a first rough approxima- 

A B tion, that they move with constant velocity _ 
across the space. Then there will be in the unit 
volume a space charge o equal to i/v, where v 
is the velocity of the electrons. If the velocities 
are uniform, the space charge will be uniform 
and it follows from Laplace’s equation 

OV eV, &V 
A ea Toa! oe —4n0 (2) 
that 
2 
oe — Ane. (3) 

If we consider g@ constant and negative (for 
electrons), we see from this equation that the 
potential distribution between the two plates takes the form of a parabola, as 
indicated by the curve PST. 

If the temperature of the plate A be increased still further, the electron 
current increases so that the potential curve finally becomes a parabola with 
a horizontal tangent at P. 

If we assume that the electrons are given off from the plate A with prac- 
tically no initial velocity, we see that the current cannot increase beyond the 
point where the potential curve becomes horizontal at P, for any further increase 
of current would make the potential curve at P slope downwards and the elec- 
trons would be unable to move against this unfavorable potential gradient. 

In other words, we see that the effect of the space charge is to limit the cur-. 
rent. A further increase in the temperature of the plate A would then not 
cause an increase of current. 

Electron Current between Parallel Planes.— Let us now attempt a more 
rigorous solution of the problem. 

It has been shown by Richardson and others that the mean kinetic energy 
of the thermions is closely equal to that of gas molecules at the same tem- 
perature, This indicates that they have velocities so low that very few of them 
are capable of moving against a negative potential of more than a couple of 
volts. Since the voltages applied to the anode are much larger than this, we may 








Fic. 2. 
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assume, for convenience, that the electrons are given off by the plate A without 
initial velocity. 

Now let V be the potential at a distance x from the plate A. The kinetic 
energy of an electron when it has traveled the distance x from the plate will 
thus be 


| 4mv* = Ve. (4) 

The current (per unit area) carried by the electrons at any place will be 
t= 0v. (5) 

For convenience, we take e and 0 positive even for electrons. Equation 


(3) thus becomes (in electrostatic units) 


Ee = te. | (6) 


These three equations enable us to express V as a function of x and i. By 
eliminating @ and v from (4), (5) and (6), we obtain 


Ve [mt | 
ae eee ”) 


Multiply this by 2-dV/dx and integrate 


dv\* [dV 2mV 
(a) -(z)- 8/7 " 
Now if there is an opposing (negative) potential gradient at the surface 
of the plate A, no current will flow. If there is a positive potential gradient 
all the electrons that are given off from the plate A will reach B, so that the 
current that flows will be determined by Richardson’s equation. The case that 
we are interested in is that in which the current is less than the saturation 


current and is determined by the voltage of the anode. Evidently for this case 
the potential gradient at the plate A is zero; that is, 


().-° 


whence from (8) by extracting the square root: 


ia y/ =. 09) 


Integrating and solving for i, we obtain: 


V2, [eve 
_ m x 





(10) 
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This equation’ gives the maximum electron current density between two 
infinite parallel plates with the distance x between them and with a potential 
difference V. This equation holds only where the initial velocity of the electrons 
at the plate A is negligible compared to that produced by the potential V. 
It does not hold at such high voltages that the electrons move with velocities 
approaching that of light. 

Taking e/m = 1.7710’ E.M. units, reducing to E.S. units and sub- 
chery (10) and then reducing to volt, ampere units, we obtain from equa- 
tion : 


V3/2 
= (11) 


where ¢ is the maximum current density in amperes per sq. cm, x is the dis- 
tance between the plates in centimeters, and V is the potential difference in 
volts. 

Electron Current between Concentric Cylinders. — Let us consider a wire 
of radius a placed in the axis of a cylinder of radius r. Let ¢ be the thermionic 
current per unit of length from the wire. 

For the case of symmetrical cylindrical codrdinates, Laplace’s equation 


t = 2,33 x 10-6 


becomes? 
I d{ av 
sid i+ ‘r ae 
or 
d|{ dV 
Ze = 4zor. (12) 


The equation corresponding to (5) is 
t = 2nrov. (13) 
These two equations, together with equation (4), which also applies to this 


case, give us 
@V dV _../2m 
"eta Ver’ (14) 


This equation probably cannot be directly integrated, but it is possible 
to obtain a result in terms of a series. The final solution takes the form 
9 m rp’ 

1 Since submitting this paper for publication the attention of the writer has been called to 
the fact that C.D. Child (Phys. Rev., 32, 492, 1911), has already derived this equation. He 
has, however, applied it only to the case where the conduction takes place solely by positive ions. 

® Weber's Differential Gleichungen, 1900, Vol. 1, p. 98. 
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where f is a quantity which varies from 0 to 1. The value of 8 can be obtained 
by substituting equation (15) in (14) and placing 


r= ae’. (16) 
Equation (14) is thus reduced to 
ap +(# A) dB 
3 4 1=0. 17 
Boe ga tla] t ie Tae die (17) 
The solution of this equation gives 
B= y—-4P + to? — stor‘ t +> (18) 
where 
y =— in 
a" 


Mr. E. Q. Adams, of this laboratory, has calculated the values of 8 for 
various values of r/a and has shown that the value of # rapidly approaches 
unity and that for all values of 'r/a greater than 10, 8 may for most purposes 
be taken equal to unity. The following table was prepared from Mr. Adams’ 
data: 


TaBLe I 
rla pr | rla | p 
1.00 0.000 5.0 0.755 
1.25 0.045 6.0 0.818 
1.50 0.116 7.0 0.867 
1.75 0.200 8.0 0.902 
2.00 0.275 9.0 0.925 
2.50 0.405 10.0 0.940 
3.00 0.512 15.0 0.978 
4.00 0.665 00 1.000 


Since in practical cases the diameter of the cylinder around the wire is 
usually much more than ten times that of the wire, the formula (1) may usually 
be written 





272. /e Vir 
=o V mr ae 
That is, the maximum electron current from a small wire is independent of 
the diameter of the wire, inversely proportional to the radius of the enclosing 
cylinder and proportional to V%2, 

Substituting numerical values for e/m and reducing to ordinary electrical 
units (volts, amperes, cm) equation (19) becomes 


/ 
i= 14.65 x 10-42. (20) 
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Electron Current between Electrodes of Other Shapes. — It can be shown 
that between electrodes of any shape the maximum electron current varies 
with V%/2, Let us consider a system in which we have the maximum electron 
current with the potential difference V. Then Laplace’s equation 


AV = 4z0 (2) 
holds for such a space, as well as the two equations 
1 = 0v (5) 
and 
4mv* = Ve. (4) 


Now let us increase the voltage in the ratio 1:” and increase the current 
in the ratio 1:n°/?, Equations (5) and (4) thus become 


ns; = ov, 
4mv* = nVe. 


Eliminating v from these, and solving for 9, we get 


‘ m 
ean ar, 


From this we see that @ has been increased m fold. However, since V has 
been increased also n fold, Laplace’s equation (2) still holds. Hence we see 
that increasing the current by a factor m/? and increasing the voltage by the 
factor n, leads to a condition which still satisfies the three equations (2), (4), 
and (5). This is, however, equivalent to increasing the current proportionally 
to V3, We thus see that whatever the configuration of the electrodes, the 
maximum electron current varies with V°%/. 


Discussion of the Theory 


The foregoing theoretical considerations have indicated that in a space 
devoid of positive ions, or gas molecules, the space charge caused by the elec- 
trons limits the current that flows between a hot cathode and cold anode under 
a given difference of potential. It now remains to compare the maximum 
currents obtained in the experiments with those calculated from the equations 
that have been derived. 

Let us consider the data given in Fig. 1. The maximum electron current 
at 120 volts was 0.000426 ampere from the hot filament, or 0.00182 ampere 
per sq. cm. At 240 volts the total current was 0.00130 ampere, or 0.00556 
ampere per sq. cm. Since we are not dealing with parallel plane electrodes, 
nor with concentric cylinders, neither equation (11) nor (20) will apply rigor- 
ously. We are, however, mainly concerned in determining whether the space 
charge is an adequate explanation of the observed limitation of the thermionic 
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current, and therefore can test out the two equations by calculating the dis- 
tances which would have to exist between plane or cylindrical electrodes. in 
order to give the observed thermionic currents. 

We will first test out equation (11), which should apply to parallel plane 
electrodes. Let us take the observed values of V and i and calculate x. We 
thus obtain: 


For V = 120 volts and « = 0.00182, we find x = 1.30 cm; 
V = 240 volts t = 0.00556, we find « = 1.25 cm. 


Our formula thus indicates that the current density between parallel plane 
electrodes about 1.3 cm apart would be the same as that observed. This is, 
however, very close to the actual distance between the electrodes. The very 
close agreement is probably due to the counter-balancing of two factors: first, 
the weakening of the electrostatic field, due to the flare of the lines of force 
around the wires, and second, the reduction of the intensity of the space charge 
owing to this same flare. 

Let us now test the equation (20), which should apply to concentric cyl- 
inders. Since the wire was 10.8 cm long, the values of ¢ (amperes per cm) 
were 0.0000394 at 120 volts and 0.000120 at 240 volts. Substituting these 
values in (20) and solving for r we obtain 


at 120 volts r = 490 cm, 
240 volts r = 450 cm. 


We see that the radius of a cylindrical anode would have to be very large 
(470 cm), in order to give only the observed thermionic current. This result, 
however, appears perfectly reasonable, for the field produced by a small wire 
anode is naturally much weaker than that produced by a cylindrical anode 
surrounding the cathode. 

The numerical values obtained from these equations are certainly of the right 
order of magnitude and agree as well with the experimental results as could 
be expected when the shape of the electrodes departs so far from those assumed 
in the calculations. 

We have seen that the theory leads us to the conclusion that for electrodes 
of any shape the maximum thermionic current should vary with V*/, This 
can be readily tested out from the experiment. The ratio of the currents at 
the two voltages is 3.05. Taking the 2/3 power of this ratio, the voltage ratio 
should be 2.10, whereas actually it was 2.0. However, it must be remembered 
that the voltage of the anode was measured from the negative end of the fila- 
ment, so that the average voltage drop from anode to cathode was about seven 
or eight volts less than those given. This would give for the voltage ratio 232:112, 
er 2.07, as against the 2.10 calculated by the three-halves power law. 

Several experiments have been undertaken to study the relation.of maximum 
current to voltage over a wide range of voltage. Voltages from 10 volts up to 
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800 volts have been tried and the results plotted on logarithmic paper. From 
the slopes of the resulting lines the exponent of the voltage was calculated. 
Values varying from 1.5 to 1.7 have been obtained. Under certain conditions, 
to be described in more detail later, values much higher than these are some- 
times obtained. 

The above considerations indicate that the space charge produced by the 
electrons is a sufficient cause for the limitation of current observed in the 
experiments. 


Effect of Residual Gases on Constants of Richardson’s Equation 


In some of the early experiments on the thermionic current between two 
tungsten filaments, extremely variable results were obtained for the constants 
of Richardson’s equation. In many cases, however, when anode potentials as 
high as 150 or 250 volts were applied, a blue glow appeared in the lamp, indi- 
cating ionization of the residual gas. To get rid of this, the two filaments were 
connected in series and both heated to a very high temperature (2900°K) 
for a few minutes. This “cleans up” the vacuum to an extremely high degree. 
The writer is publishing a series of articles in the fournal of the American 
Chemical Society on the clean up of various gases in a tungsten lamp. It has 
been found that with a very high temperature of the filament, all gases except 
the inert ones may be removed practically quantitatively. This treatment 
of the lamp to improve the vacuum resulted in a marked change in the 
constants of Richardson’s equation and also changed the maximum thermionic 
currents. 

To still further improve the vacuum in some cases, the entire bulb was 
immersed in liquid air and the filaments were again heated to high tempera- 
ture for a short time. This sometimes resulted in a further change in the ther- 
mionic current. 

These effects were clearly due to traces of residual gas. To study them 
in more detail, some experiments were carried out in which lamp bulbs con- 
taining two filaments (or sometimes three) were connected to a vacuum system 
consisting of Tépler pump, sensitive McLeod gage and trap immersed in liquid 
air, placed directly below the lamp. The lamps were exhausted to less than 
0.0001 mm and heated for one hour to 360°C, to drive water vapor and car- 
bon dioxide into the liquid air trap. No stop-cocks were used in the entire 
system, so that vapors of vaseline, etc., were avoided. The liquid air trap pre- 
vented the entrance of mercury vapor into the lamp. Care was taken to keep 
liquid air on the trap day and night during the whole experiment. 

The lamp bulb was about 3.5 cm diameter and was connected to the rest 
of the vacuum system by a tube attached at the top of the bulb and bent into 
a goose neck. In this way the bulb could be immersed completely in liquid 
air if desired. 
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After exhaustion of the bulb and ageing of the filament at high temperature, 
a run was made with 177 volts on the anode, but without liquid air on the 
bulb. The pressure, according to the McLeod gage, was 0.00012 mm. 
The constants of Richardson’s equation were found to be 
a = 22.10° amperes per sq. cm, 
b = 55,800 degrees. 


Liquid air was now placed around the lamp bulb, and the thermionic cur- 
rent again determined. During this run the pressure was constant at 
- 0.00007 mm. 

The constants were then found to be: 

a = 34x 10°, 
b = 55,500. 

A plot of the curve, calculated from these data by Richardson’s equation, 
is given in Curve I, Fig. 3, together with the experimentally determined points 
(Curve III). 
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The effect of cooling the bulb in liquid air was thus to increase the ther- 
mionic current considerably (about 60 per cent at 2000°K). The filament 
was now run at 2130°K, at which temperature a thermionic current of 0.00214 
ampere was observed. The liquid air was then removed from the bulb. The 
thermionic current fell rapidly to 0.00049 and then rose to 0.00184, at which 
it remained steady. 


Hydrogen. — Pure hydrogen to a pressure of 0.012 mm was now admitted. 
The thermionic current was rather variable, changing gradually with the 
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time, but by running the temperature up and down several times, fairly con- 
sistent results were obtained. The average values of Richardson’s constants 
were 

a= 5.4x 104, 


b = 82,500. 


The hydrogen had gradually cleaned up during these runs from 0.012 
mm to 0.006 mm. The remainder of the hydrogen was now pumped out 
(down to 0.00011 mm) and another run was made to determine the thermionic 
current in good vacuum. The results were 


a= 4.3x 104, 
b = 85,000. 


The pressure rose during this run from 0.00011 to 0.00052 mm. 

The removal of the hydrogen thus produced relatively little effect, and 
certainly did not tend to cause a and 5 to return to the original values in a good 
vacuum. 

More hydrogen (0.007 mm) was now let in, and the constants were found 
to be 

a = 7.6x 10", 


= 115,000. 


During this run the hydrogen cleaned up from 0.007 to 0.004 mm. 

A plot of the curve calculated from Richardson’s equation is given in Fig. 3 
(Curve II), together with the experimentally determined points (Curve IV). 

The general effect of the hydrogen had apparently been to permanently 
lower* the thermionic current, especially at low temperature. It had at the 
same time increased the value of the constant 5 to more than double its original 
value. 

Effect of Bulb Temperature. — At this stage in the experiments it was found 
that touching the bulb with the fingers had a marked effect on the thermionic 
current. This was due to a temperature effect. With the filament at 2190°K 
the current was 0.0011 ampere. Warming the bulb slightly lowered the current 
to 0.0003. Placing ice water around the bulb raised the current to 0.003. 
Liquid air, however, gave the same result as ice water. A run with the bulb 
in liquid air, with a pressure of 0.00025 mm of hydrogen in the bulb gave 

a = 20.4x 108, 
b = 55,600. 

* See paper on Active Modification of Hydrogen, Langmuir, ¥. Amer. Chem. Soc. 34, 1310 
(1912). 

* The increase in the value of 6 in Richardson’s equation much more than offsets the increase 


in a, so that at temperatures in the neighborhood of 2000°, the currents in hydrogen are very 
much smaller than the original currents in vacuum. 
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These values are very close.to those previously obtained with liquid air 
oefore any hydrogen had been let into the bulb. 

Immediately after this run a beaker containing water at 62°C was placed 
around the bulb. The pressure rose to 0.0017 mm and the values of a and 
b became 


a = 7.7X 10", 
6 = 105,000. 


A large number of runs were now made at different bulb temperatures. 
The results were similar to those already given, except that gradually 
the effect of heating the bulb became less marked and after a couple of days 
practically the same results were obtained with the bulb at 50° as at 0°. For 
example, two consecutive runs gave 


at 0° a= 54.10°, b = 58,500; 
at 53° a = 60.10%, 6 = 58,500. 


Before this condition of insensitiveness to bulb temperature had been 
reached, tests were made to see if the changes in the thermionic current were 
due to vacuum changes or absorption of gas by the filament. The effect of 
interchanging the two filaments was tried many times. That is, the filament 
which had previously been used as anode was made cathode and vice versa. 
In no case did this change make any material difference in the magnitude of 
the thermionic current. The heating of the bulb produced exactly the same 
effect, regardless of the previous history of the filament. The changes that 
did occur could clearly all be ascribed to vacuum changes caused by the absorp- 
tion or evolution of gas by the bulb. 


Water Vapor.—The fact that the temperature of the bulb was in some 
cases so much more important than the pressure of hydrogen indicated that 
it was the presence of water vapor that caused the decrease in the thermionic 
current and the increase in b. To test this out, the liquid air was removed for 
a couple of minutes from the liquid air trap below the lamp and then replaced. 
The effect of thus allowing water vapor to enter the lamp was to make the 
thermionic current extremely sensitive to the temperature of the bulb. This 
sensitiveness could be destroyed again by heating the bulb to 360° and cool- 
ing. 

The conclusion to be drawn from these facts is that the decrease in the 
thermionic current is due to the presence of traces of water vapor. The McLeod 
gage gives no indication of such small amounts of water vapor, but the fact 
that little or no hydrogen is evolved by the action of the filament on the water 
vapor, together with the fact that the water vapor can remain days in the lamp 
before diffusing down into the liquid air trap, indicate that the pressure must 
be extremely low—probably not over 10-* mm. Yet the evidence is strong 
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that such pressures of water vapor have an enormous effect on the saturation 
thermionic current from tungsten. 


Oxygen.—It had been known that water vapor in contact with a hot tungsten 
filament oxidizes the filament with the liberation of atomic hydrogen. It was 
therefore of interest to know whether the marked effect produced on the ther- 
mionic current by water vapor is due to this particular reaction or whether 
the same effect will not be produced by dry oxygen. 

To test this out, the system was exhausted to a pressure of 0.00012 mm. 
The mercury in the Tépler pump bulb was raised so as to seal off the bulb 
and pure dry oxygen was admitted to the bulb. The quantity was chosen so 
that it would give a pressure of 0.005 mm when allowed to flow out into the 
whole system by lowering the mercury in the pump bulb. 

The filament (A) was now run at 2190°K, and the other filament (B) was 
charged 250 volts positively with respect to the cathode. The thermionic cur- 
rent was 0.0031 ampere. 

On lowering the mercury in the pump bulb and allowing the oxygen to 
enter the lamp bulb, the thermionic current dropped immediately to 0.00013; 
that is, to 4 per cent of its original value. As the oxygen gradually disappeared, 
the current steadily rose in value, as follows: 


| Pressure, mm | Thermionic current 
On admitting oxygen 0.005 0.00013 
After 5 minutes 0.0003 0.00030 
After 10 minutes 0.00016 0.00090 
After 15 minutes 0.00014 0.00164 
After 20 minutes 0.00010 0.00230 
After 28 minutes 0.00007 0.00270 





After letting in another supply of oxygen, the thermionic current was de- 
termined at various temperatures and gave 


a= 6.8 x 10%, 
b = 94,300. 
The effect of oxygen is thus found to be quite similar to that of water vapor. 


Nitrogen.—Experiments with nitrogen showed that this gas also usually 
decreased the thermionic current, although not so strongly as oxygen. Since 
nitrogen does not clean up as rapidly as oxygen, this gas was chosen for 
a series of experiments to determine whether other factors, such as anode 
voltage, had an influence on the Richardson constants in the presence of gas. 


Effect of Anode Potential_—In one experiment a pressure of about 0.001 
to 0.002 mm of nitrogen was present in the bulb. A run was made with 
a potential of 220 volts on the anode, then a run with 100 volts, and then 
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another run at 220 volts. The thermionic currents (milliamperes per sq. cm) 
in the three runs were as follows: 


Tasxe II 
Temp. | 220 volts 100 volts 220 volts 
ct, nn 2k! Seen acne es 0.34 0.29 
2000 ton tada te bedyes 0.70 0.63 
BAG Wie BS eeubataapent 1.54 1.29 
2190 2.7 4.0 2.9 
2250° 6.3. 4.9 7.0 
2325 16.2 5.0 19.3 
2390 21.0 5.0 20.0 
Pressure of N; = | 0.0015 mm |  0.0012mm | 0.0012 mm 


These results show that under certain conditions (low temperature and 
proper pressure of nitrogen) less current is obtained with 220 volts than with 
100 volts. In this connection it may be said that these thermionic currents 
were reproducible and accurately measurable. The values changed gradually, 
however, as the nitrogen cleaned up.’ 

The following are typical runs (Table IIT) selected from many that were 
made while the nitrogen was gradually disappearing: 


TABLE III 
Tem Pressure 0.00067 mm Pressure 0.00011 mm 
= 100 Volts | 220 Volts 100 Volts 220 Volts 
2045 0.53 0.36 1.58 1.50 
2090 1.02 0.86 2.9 3.90 
2140 2.50 1.90 3.8 6.2 
2190 4.2 4.50 — 4.4 9.8 
2250 4.6 11.8 4.6 11.4 
2325 4.8 38 Visecht i ebakes 11.8 
| nn [oe eee oes 90: Hh eb saesadey 12.1 





Thus, as the nitrogen cleans up, the thermionic current increases and 
tends to return to its original value. At the same time the peculiar effect of 
the anode voltage in causing less current to flow at high voltage also prac- 
tically disappears. 

All the experiments with nitrogen were made with the bulb surrounded 
with ice. This precaution, however, did not seem necessary in these runs, 
for at various times the ice was removed, but the thermionic current remained 
unchanged. 


1 This is the electrochemical clean-up of nitrogen referred to by the writer in a paper on 
‘“‘The Clean-up of Nitrogen in Tungsten Lamps,” ¥. Amer. Chem. Soc. 35, 931 (1913). 
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In order to investigate in more detail the effect of the anode potential at 
various pressures of nitrogen and different filament temperatures, a special 
experiment was undertaken. A lamp containing two single loop filaments in 
a large bulb was sealed to the same vacuum system and exhausted as before. 
The filaments were of 0.0124 cm diameter and each 8.9 cm long. 

After ageing the filament, the thermionic current was measured at 120 
and 230 volts; the constants a and 5 were: 


at 120 volts a = 1.2 x 10%, 6 = 83,000. 
230 , a@=4.7 x10%, b = 80,500. 


On the average, even with currents so low that the space charge should 
have no effect, the thermionic current was about 20 per cent less with 120 
than with 230 volts. This effect, which is just the opposite of that noted in 
the preceding experiment, is of fairly common occurrence when very special 
precautions are not taken to avoid traces of certain gases. 

The effect of oxygen on the thermionic current with different anode pot- 
entials was next tried. In every case the current was greatly reduced by the 
presence of this gas. The currents obtained with 120 volts and with 230 volts 
were always practically identical. 

Another measurement of the thermionic current in good vacuum (0.0001 mm) 
at 120 and 240 volts gave 

a=1.1x10", 
b = 74,000. 

The curve obtained by Richardson's equation with these constants is given 
in Curve I, Fig. 4, while Curves II and III are drawn through the experiment- 
ally determined points. 

A pressure of 0.0021 mm of nitrogen was now introduced and the follow- 
ing measurements made at 120 and 235 volts. The results are Sxpreaees 
in milliamperes per sq. cm. 


TaBLe IV 
ra -— - Pressure 0.0021 mm nitrogen 
ment temp. Anode 120 Volts Anode 235 Volts 

2000 0.132 0.130 
2050 0.278 0.283 
2100 0.515 0.552 
2150 | 1.07 1.42 
2200 2.90 3.90 
2250 6.4 aed 
2300 | 12.9 16.6 
2350 >26 28 
eal 1.66 x 10° 2.2 x 107° 
b= 68,200 73,200 
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These results are plotted (Curves IV, V, Fig. 4) for comparison with the 
preceding run in a vacuum. It is to be noted that at temperatures up to 2050° 
the thermionic current, even with such a high pressure of gas, is not as much 
affected by the anode voltage as it had previously been found to be in 
a “good” vacuum. The presence of the nitrogen has, however, entirely re- 
moved all limitation of the current by space charge at the higher filament 
temperatures. 
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Some runs were now made with the filament at fixed temperatures while 
the anode voltage was varied over a wide range. In most cases the pressure 
of nitrogen was kept as nearly constant as possible at 0.0025 mm; in some 
runs, however, the effects produced by a pressure of 0.0010 mm were studied. 

The data from three runs with the filament at 2100° are given in Fig. 5. 
The points along Curves I and II were obtained with 0.0025 and 0.0010 mm 
pressure of nitrogen. The nitrogen was then pumped out to a pressure of 
0.00016 mm, and the points along Curve III were then obtained. 

These curves help clear up several points that had been left very indefi- 
nite by the previous data. At anode potentials below 80 or 90 volts the effect 
of nitrogen is evidently to increase the thermionic current materially. But 
above a certain critical potential, which is higher the lower the pressure of 
nitrogen, the thermionic current decreases as the anode potential is raised. 
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By comparison of the data on these curves with the curves of Fig. 4 it is seen 
that they are entirely consistent with the latter. 

In looking for an explanation of the shape of these curves, it is important 
to bear in mind that the lower parts of the curves are determined primarily 
by the space charge. When the thermionic current is plotted against tem- 
perature, as in Figs. 1 and 3, the lower part of the curve gives the saturation 
thermionic current (Richardson), while the upper part gives the part which 
is limited by the space charge. On the other hand, when we plot the current 
against the anode potential, as in this case, the two parts are interchanged in 
position; thus the lower part of the curve gives the current as limited by space 
charge and the upper horizontal part gives the saturation current. 
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The lower part of Curve III, if obtained in a perfect vacuum, should there- 
fore follow equation (II): in other words, the current should increase with 
V2, By plotting the first six points of this curve on logarithmic paper, a straight 
line was obtained, but the slope, instead of giving 3/2 as the exponent of V, 
gave 1.71. This difference is certainly due to residual gas. Curve IV, Fig. 5, 
was obtained by continuing the curve 

i = constant x V1-71, 


The Curve III separates from IV above 125 volts because the current 
gradually reaches saturation for the filament at 2100°. 
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We are now in a position to discuss the Curves I and II. At anode potentials 
below 20 volts the curves seem to coincide fairly well, but the current rapidly 
increases at higher potentials. Plotting thef irst six points of Curve I on log- 
arithmic paper does not give a straight line, but the exponent of V is found 
to increase from about 2 to over 6. The cause of this rise in current is pro- 
bably that positive ions are formed by the collisions of the electrons with nitro- 
gen molecules. The positive ions moving slowly carry only a very minute 
fraction of the current, yet by their mere presence they materially reduce 
the space charge and therefore allow a larger current to flow. 

If this were the only factor, one would expect with increasing voltage that 
the current would rise to the normal saturation current and then remain con- 
stant until the voltage reaches a point where additional electrons are liberated 
from the cathode by the impact of positive ions against it. But before this point 
is reached, some other factor begins to make itself felt. This is evidently a limit- 
ation of the current not by space charge, but by some phenomenon which 
prevents the emission of electrons from the cathode. It is, however, not due 
to a simple alteration of the properties of the material of the cathode, for its 
magnitude depends on the anode potential. 

The following theory seems to be consistent with all the observed facts 
and may prove to be the correct explanation of the phenomenon. 

Theory of the Effect of Nitrogen on the Thermionic Current.—The writer 
has shown! that nitrogen does not react perceptibly with solid tungsten at any 
temperature, but does react completely with all the tungsten that evaporates 
from the filament to form the compound WN,. The evidence indicated that 
this compound is unstable at temperatures above 2400°. Now although ordi- 
nary nitrogen does not react with solid tungsten to form a compound, it is not 
improbable that nitrogen ions possessing enormously high kinetic energy as 
compared with the ordinary molecules will do so.. The compound formed, 
however, being unstable, does not permanently remain on the surface, but 
either decomposes or volatilizes. Any such process, however, requires a certain 
amount of time, so that the molecules would remain on or in the surface during 
perhaps a perceptible fraction of a second. The higher the temperature of the 
filament, the shorter the average time that would elapse between the formation 
of a molecule of the compound and its elimination from the surface. 

Let us now apply this theory to the data presented in Fig. 5. At an anode 
potential below 20 volts, no positive ions are formed, so the surface of the tung- 
sten is not exposed to bombardment. At higher voltages the positive ions are 
produced in increasing numbers and strike the cathode with increasing velocity. 
As a result the surface becomes more or less completely covered by a layer 
of molecules of the compound. Since as a rule a compound would be expected 
to emit electrons less freely than a metal, it is not unreasonable to imagine 
this surface layer as being the cause of the decreased electron emission. 


1 J. Amer, Chem. Soc. 35, p. 943 (1913). 
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In a perfect vacuum the actual electron emission from the tungsten is ind- 
ependent of the anode voltage as indicated in Curve III’, Fig. 5. However, at 
low anode voltages the space charge causes most of the electrons to return to 
the filament, so that the actual current obtained is as shown in Curve III. On 
the other hand, in low pressures of nitrogen the actual electron emission decreases 
as the anode potential increases, as illustrated by the hypothetical Curves I’ 
and II’. As in the case of the vacuum, however, at low voltages the space charge 
causes the return of most of the electrons to the cathode, so that the actual 
curves (I and II) show a current which rises rapidly with increasing potentials. 
When the potential becomes sufficient to prevent the return of any electrons 
to the cathode, then the current becomes limited solely by the electron emission 
from the metal. At high voltages, therefore, the current decreases with increased 
anode potential because of the increasing proportion of the cathode surface 
covered with the compound. 

The theory thus accounts for the shape of the curves in Fig. 5 in a satisfactory 
way. It also gives a reason for the shape of the curves obtained with nitrogen 
given in Fig. 4. The effect of nitrogen has invariably been to greatly decrease 
the saturation current at 240 volts. At low temperatures this effect is much 
more pronounced than at high. This is indicated by the fact that the intro- - 
duction of nitrogen (or oxygen) always increases the value of Richardson’s 
constant 5 from 55,000 up to 80,000 or more. These facts are in complete accord 
with the theory, for, as has been pointed out, the length of time that the mole- 
cules of the compound will remain on the metal would be much less at high 
temperatures. Therefore, the higher the temperature, the smaller the pro- 
portion of the surface covered by molecules of the compound, and the nearer 
the observed thermionic current approaches the normal saturation current. 

Whatever the nature of change in the surface of the tungsten which 
decreases the electron emission, it is one which does not persist for more than 
a few seconds after the removal of the nitrogen. In the course of all these exper- 
iments, except before ageing the filaments, there were never any effects which 
could not be immediately duplicated after interchanging the functions of the 
two electrodes. There is therefore no reason to call upon any “inexhaustible 
supply of gas” in the filament to account for any of the phenomena observed.” 


Effect of Anode Potential at Higher Filament Temperature-—The data on 
the effect of anode potential obtained with the filament at a higher tempera- 
ture, 2300°K, is given in Fig. 6. With 0.0010 mm of nitrogen, the current rose 
steadily (Curve I) until a potential of about 135 volts was reached. With poten- 
tials higher than this, the current would rise to a high value, 0.013 ampere per 


1 The writer feels strongly that the majority of the cases cited in the literature where fine 
platinum wires, etc., apparently continue to give off gas after prolonged heating, are caused not 
by gas from the wire, but by water vapor or other gases liberated from the walls (or vapors from 
stopcock grease or sealing-wax) which are changed chemically by the hot wire or by electrical 
discharges. 


Google 


Effect of Space Charge and Residual Gases on Thermionic Currents 25 


sq. Cm or more, immediately on lighting the filament, and the discharge was 
accompanied by a strong purple glow filling the bulb. Suddenly the current 
fell to 0.005 ampere per sq. cm or less, and at the same time the purple glow van- 
ished. Every time that this happened the pressure in the system would fall to 
from about 0.0012 to 0.0006 or less, so that fresh nitrogen had to be admitted 
after each trial. 
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With a pressure of about 0.0025 mm of nitrogen (Curve II) a discontinuity 
occurred in the current values at an anode potential of 70 volts. Above this, 
however, the current was again steady. These unstable conditions are probably 
due to ionization reaching such a value that the bombardment of the cathode 
by the positive ions gives rise to additional electrons. These in turn cause the 
formation of fresh positive ions. The effect is thus one which can readily become 
unstable. It is interesting to note, however, that even with this additional elec- 
tron emission, the current is still less than the saturation current in a perfect 
vacuum, which from Curve I’, Fig. 4, would be about 0.050 ampere per sq. cm. 
Undoubtedly at higher pressures and voltages than those used the currents 
caused by ionization would ultimately greatly exceed the saturation current 
from the filament. 

Curve III gives the current obtained with a much better vacuum and pro- 
bably represents very closely the normal current as limited by space charge. 
The effect of the nitrogen is thus mainly to produce positive ions and neutralize 
the space charge. 

Argon.—A series of experiments was made to determine the thermionic 
current in low pressures of argon. The surprising result was obtained that the 
saturation currents were in every case (pressures up to 0.002 mm) identical 
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with the results previously obtained in the best vacuum. That the argon had 
the further effect of neutralizing the space charge is shown by the relatively 
large currents obtained with anode voltages of only 40-100 volts. 

In all, about thirty runs were made, and with two exceptions they all gave 
values of the Richardson constant 6 between 50,500 and 58,000. The Curves I 
and II, Fig. 7, are examples of typical runs. It is seen by comparison with Fig. 3 
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that the maximum currents obtained are considerably larger than those to be 
had in vacuum with similar voltages, but these larger currents are due solely 
to the removal of the limitation imposed by the space charge. At lower tempera- 
tures the currents obtainéd are practically identical with those in vacuum. 

Another remarkable fact about the effect of argon on the thermionic current 
is that considerable admixtures of nitrogen or even oxygen have little or no 
effect. Thus, while the filament was running at 2190° in argon at 0.0016 mm 
pressure, an amount of nitrogen was let in, which raised the pressure to 0.0035, 
yet the current at 240 volts changed only about 5 per cent. 

In another case, while the filament was running under similar conditions 
as in the test with nitrogen, an amount of oxygen was suddenly admitted suffi- 
cient to raise the total pressure from 0.0016 to 0.0035 mm. In this case the 
current was decreased by about 10 per cent for a few seconds, but rapidly retur- 
ned within a couple of per cent of the original value. Upon lowering the tem- 
perature to 2045°, the thermionic current was found to be only 7 per cent of 
its value in argon, while at 2140° it was 20 per cent of its original value. If these 
results are com pared with those cited previously on the effect of oxygen on 
the thermionic current, it will be seen that the argon has enormously weakened 
the effect produced by oxygen, especially at higher temperatures. 
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Argon acted remarkably in another respect. The thermionic current in 
argon caused very marked disintegration of the hot cathode; whereas this effect 
is entirely absent in a good vacuum with a pure electron current, and only 
present to a very slight degree in pressures of nitrogen as low as 0.002 mm. 
With the argon the filament rapidly increased in resistance by loss of material 
which deposited on the bulb in the form of black bands, principally behind 
the anode. These bands had more or less the shape of the anode filament and 
had a white strip down their centers—evidently the shadow cast by the anode. 
This proves that the tungsten which was sputtered from the cathode was or 
became negatively charged. It is surprising that the thermionic current was 
identical with that in a high vacuum, notwithstanding this marked disintegra- 
tion of the cathode. This experiment certainly proves that there is no necessary 
relation between cathodic disintegration and thermionic current. 

These results with argon are strong support for the theory that the positive 
ions of nitrogen or ordinary molecules of oxygen form unstable compounds 
with the tungsten which prevent the normal electron emission. Argon not 
being capable of reacting chemically with the tungsten does not reduce the 
thermionic currents. 

The explanation of the action of argon in preventing oxygen and nitrogen 
from having their normal effect is probably that the bombardment of the cath- 
ode by the positive argon ions, which is undoubtedly (in accordance with 
Stark’s theory) the cause of the sputtering of the cathode, also sputters away 
any compound formed and thus keeps the surface of the tungsten clean. At 
lower temperatures and hence lower currents, the sputtering is less marked 
and therefore the argon interferes less with the normal action of the oxygen. 


Experiments with Plates and Cylinders as Anodes 


In all the experiments mentioned thus far, the anode has been a tungsten 
filament which has been freed from gas by heating to 2500°. Several experi- 
ments, however, were also made with anodes of thin sheet metal, in the form 
of plates or cylinders. In general, in these experiments, unless very special 
methods of treating the electrodes are adopted, the evidences of the presence 
of gas are much more marked than in the experiments with filaments as anodes. 
A great variety of erratic effects occur, such as gradual changes in the thermionic 
current, and various kinds of fatigue effects. Some of these effects are parti- 
cularly pronounced at low temperatures of the filament. A large amount of 
data has been obtained in studying these effects, and much of it is of such inter- 
est that the results will be published in detail in subsequent papers. For the 
present it will suffice to consider the results of a few runs at various filament 
temperatures and anode voltages, in a lamp containing a cylindrical anode. 

The anode in this experiment consisted of a cylinder of platinum foil, 3.5 cm 
diameter and 6 cm long. Inside of this, about 1 cm apart, were placed two single 
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loop tungsten filaments of wire 0.0127 cm diameter and each 9.9 cm long. 
The surface of each was thus 0.40 sq. cm. A cylindrical glass bulb fitted closely 
about the platinum cylinder. 

The platinum cylinder, before placing in the lamp bulb, was ignited for 
a few minutes over a blast lamp to a white heat and washed with nitric acid, 
but other than this, purposely not subjected to special treatment. 

This lamp was sealed to the same system as before and the same care was 
used in exhausting it as in the other experiments. That is, after exhausting 
to 0.001 mm, the bulb was heated to 370°C for an hour and a half. From the 
beginning to the end of the experiment the trap directly below the lamp was 
kept in liquid air. 

During the first few days the results were extremely erratic and were charac- 
terized especially by lag or fatigue effects. The results showed clearly, however, 
that these were not due to gas contained in the filament, but were rather caused 
by gas from the anode liberated by electron bombardment. The quantities of 
gas liberated, however, were very small, so that even with the Tépler pump 
no great difficulty was experienced in keeping the pressure continually below 
0.001 mm. 

The runs about to be described were made on the tenth day after the begin- 
ning of the experiment. By this time most of the erratic effects had disappeared 
and the results obtained were beautifully reproducible. 
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A series of runs was made with the following anode voltages, and in the 
following order: 240, 124, 30, 50, 70, 90, 70, 50, 30, 20, 110, 124. At each volt- 
age the thermionic currents were measured at temperatures from 1850° to 
2350 or 2500°, in steps of 50°. The pressure during all these runs varied within 
the limits 0.00007 to 0.00023 mm. In every case different runs at the same 
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anode voltage gave practically identical results. Furthermore, at temperatures 
so low that saturation current was obtained, the thermionic currents at different 
voltages were the same. The results of these runs are given in Fig. 8. All the 
experimentally determined points are given, except where the curves run to- 
gether, and then the points for the curve made at 110 volts are given. 

For comparison with these results, the Curve I, of Fig. 3, has been replotted 
in Fig. 8 (continuous heavy line). This curve gives the results that were obtained 
under good conditions in a vacuum and in a case in which temperatures were 
determined in the same manner as in the present experiment. 

The upper portion of the curve (not given in Fig. 3) was calculated by 
Richardson’s equation, using the constants 


a= 34x10, 
b = 55,500. 


It will be seen, from Fig. 8, that the currents obtained with the cylindrical 
anode are much larger than any recorded previously in this paper. Thus with 
110 volts or more, currents up to 0.350 ampere per sq. cm (actual current mea- 
sured was 0.139 ampere) were obtained. But the curves show plainly that at the 
same temperature of the filament, the currents are always less than those obtained 
under the best vacuum conditions. The shape of the anode reduces the effect 
of space charge and thus allows much more current to flow with the same volt- 
age than in the previous experiments. 

This experiment offers the most convincing evidence possible of the correct- 
ness of the general theory of the effects of gas outlined previously. 

According to this theory, the effect of certain gases (probably most gases 
except the inert gases) is to cut down the normal electron emission from the 
heated metal, by the formation of an unstable compound on the surface. At 
higher temperatures the rate of decomposition or evaporation of the compound 
is greater and hence fewer molecules of the compound remain on the surface. 
At sufficiently high temperatures the compound should completely disappear 
and thus allow the electron emission to become normal. 

The present experiment is in full accord with this theory. At low tempera- 
tures the electron emission (saturation current) is much less than the normal, 
but at higher temperatures it increases rapidly up to the normal value, but the 
current never exceeds the normal current. 

These facts are made much clearer by plotting log i//7 against 1/T (Fig. 9), 
With these functions as coordinates, the points should lie on a straight line if 
the current follows Richardson’s equation. Curve I is the normal vacuum curve 
shown in Figs. 3 and 8, and Curve II is that obtained from the experiment 
with the cylindrical anode at a potential of 110 volts. It is seen that the second 
line is not straight. The lower part is practically straight, but the upper part 
does not cross the normal vacuum curve, but instead bends over and joins it. 
The reason that it does not follow it at higher temperatures is probably that 
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space charge is having some effect, as in the run with 90 volts (see Fig. 8). 
The extremely close coincidence between the observed and calculated curves 
over the short range of contact is undoubtedly partly accidental. 

The fact that the curves obtained at low anode voltages (20-30 volts) coincide 
at lower temperatures with the curves obtained with high potentials show 


ded ake see |_| 
ae PEERS EEE 
ae sot Ph SReRER 





in this case that the compound on the surface is not formed from positive ions, 
but is formed directly by a reaction between the gas and the metal. The gas 
in this case is probably carbon monoxide or hydrogen, and can easily be sup- 
posed to react in this way to form unstable compounds. With nitrogen, on the 
other hand, the evidence is good that the compound only forms when positive 
nitrogen ions strike the filament. 

The effect of the gas in eliminating the space charge is strikingly shown 
in this experiment. At higher potentials the thermionic current increases much 
more rapidly than the three halves power of the voltage. This shows that posi- 
tive ions are formed which reduce or eliminate the space charge produced by 
the electrons, yet themselves do not carry a perceptible portion of current. 

Some other experiments, to be described in detail in a subsequent paper, 
have shown that the bombardment of the cathode even by positive ions of 
a velocity corresponding to only 110 volts causes the cathode to emit electrons 
having a velocity corresponding to a velocity of 6-12 volts. Thus a third fila- 
ment in a bulb in which a thermionic current is flowing often charges up rapidly 
to a potential of 10 volts negative with respect to the negative end of the cathode 
filament. This observation is entirely in line with previous observations on 
delta rays and electron emission caused by canal rays. 
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General Discussion 


The evidence presented in this paper and the theories that have been 
advanced are thought to throw a rather new light on the electron emission from 
incandescent solids in high vacuum. 


In the first place, the work indicates that the experimental conditions that 
have commonly been employed in the investigation of thermionic currents 
in vacuo have not been well adapted to eliminate important secondary effects. 
The proper conditions seem to be: 

1. Extremely high vacuum, that is, a pressure below 0.0001 mm, should be 
obtained. The presence of certain gases is much more injurious than others. 
Gases such as oxygen, water vapor, carbon dioxide, and hydrocarbons, which 
are very active chemically at high temperatures, should be especially avoided. 
This means that all stopcocks and sealing-wax must be eliminated and all glass 
parts not to be cooled by liquid air must be heated for at least an hour to 360° 
or more. Even with the Gaede molecular pump these precautions are necessary. 


2. Avoidance of large anodes, except those that have been especially treated 
by heating in a vacuum to 2000° or have been exposed to powerful electron 
bombardment in a very high vacuum. Treating the metal by making it an elec- 
trode in an ordinary glow discharge, except when the inert gases are used, 
is about the worst thing that could be done to it. Preferably the anode should 
consist of tungsten wire which is freed from gas by heating to 2500° for ten 
minutes. This should be done in the apparatus itself. 

3. The relative position and size of the electrodes should be such that space 
charge does not limit the current to an undesirable degree. 

If proper precautions are taken to obtain an extremely high vacuum, and 
if the anode consists of molybdenum or tungsten and is given a preliminary 
treatment by exposing to very powerful electron bombardment, it is possible 
to use cylindrical anodes without obtaining the slightest evidence of positive 
ionization. For this purpose the anode should be charged to several thousand 
volts and the filaments raised to such temperatures that 50-200 milliamperes 
thermionic current are obtained. Under these conditions the anode becomes 
heated to a bright red or white heat, and the combined effect of the electron 
bombardment and the high temperature is to free the anode from gas. After 
such treatment pure electron currents of several tenths of an ampere may be 
obtained without positive ionization. Dr. Dushman has found that under these 
conditions the space charge equation (20) holds with a high degree of accuracy.’ 
In this way, by using three cylindrical anodes on the guard ring principle, it 
should be possible to use equation (20) to determine the value of e/m with 
a degree of precision greater than that obtainable by any other method. Neither 
the writer nor Dr. Dushman intends to make such precision measurements 


2 These results will soon be published by Dr. Dushman. 
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and therefore we would like to suggest that this method be seriously considered 
by those who plan to make such determinations. 

Failure to observe the conditions given above has, it is feared by the writer, 
very seriously vitiated most of the quantitative results obtained in the past 
on thermionic current in a vacuum. It is also undoubtedly the principal cause 
of the opinion which is so prevalent today that the electron emission from hot 
solids is a secondary effect, probably usually produced by chemical reactions, 
which would disappear if a perfect vacuum could be obtained. 

The evidence presented in this paper will, it is hoped, counteract these 
unfortunate tendencies and help place the Richardson theory of electron emis- 
sion on a firm footing or at least stimulate the critical study of the theory. The 
thermionic effect is of at least as great intrinsic interest as the photoelectric 
effect, and should receive as much, if not more, attention on the part of physicists. 

Let us now examine more closely some of the experiments which have led 
to the common knowledge of thermionic currents in vacuo. 

With platinum wires extremely variable results have been obtained. 
H. A. Wilson found that by heating the wire in oxygen or by previously boiling 
it for 24 hours in nitric acid, the thermionic current would be reduced to the 
100,000th part of its original value. This lower value, however, he considers 
the normal value in a vacuum, and believes the increase observed when hydro- 
gen is admitted to be due to some secondary effect. 

The effect of oxygen on the thermionic current from platinum is so stri- 
kingly similar to that observed with tungsten that the writer cannot help but 
feel that the cause in both cases is similar. The writer has found,! and will soon 
publish his results in detail, that when a platinum wire is heated in oxygen 
at low pressure, the platinum evaporates at the same rate as in a vacuum and 
that the platinum vapor combines quantitatively with the oxygen after it leaves 
the surface of the wire to form the compound PtO,. This is identically the 
same type of reaction that has been observed with tungsten and nitrogen. This 
suggests strongly that oxygen would have a similar effect on the thermionic 
current from platinum that nitrogen has on tungsten. In other words, the oxygen 
would cut the thermionic current down to a value lower than the normal vacuum 
current. Hydrogen would reduce the oxide and allow the normal current to 
flow. Of course it is quite possible, although not probable, that some gases 
may increase the thermionic current instead of decreasing it. 


Pring and Parker’s Experiments? 


The excellent experiments of these investigators have been perhaps the most 
convincing evidence that the thermionic electron emission is a secondary effect. 
Let us therefore criticize the experiment in the light of the new theory. 


1 9. Amer. Chem. Soc. 35, p. 944 (1913). 
2 Phil. Mag. 23, 192 (1912). 
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In the first place, carbon is a substance which at high temperatures is particu- 
larly active chemically, so that it probably reacts with every gas present in the sys- 
tem. The residual gases may therefore be expected to have a particularly strong 
action in reducing (or possibly increasing) the thermionic current. Although 
Pring and Parker have attempted to obtain a high vacuum, and have measured 
the pressures, yet the best vacuum they claim to have attained, while heating 
the cathode, is 0.001 mm. Actually, however, the pressure must have been 
at least several times this amount, for mercury vapor (0.002 mm) had free access 
to the apparatus and they used “soft wax” in several places, which gives off 
large quantities of various vapors, all of which are readily condensible and 
therefore not indicated by the McLeod gage. 

’ In the second place, the distance between anode and cathode in their experi- 
ments varied from 4.8 to, 11 cm, so that in a perfect vacuum, with only 330 volts 
on the anode, they could have obtained only very little current because of the 
space charge. For example, if we calculate from equation (11) the total current 
that could be carried at 330 volts between two electrodes 8.0 cm in area at a 
distance of 4.8 cm, we obtain only 0.0048 ampere. Whereas Pring and Parker 
obtained currents as high as 40 amperes, with only 40 to 60 volts in the begin- 
ning; later on, after the carbon had ceased giving off large quantities of gas, 
the currents fell to as low as 0.000016, with the temperature of the carbon rod 
at 2050°. | 

The reason that the currents in their experiments went down to values so 
much below that which we have calculated above from the “space charge” 
equation may possibly be that the electron emission was actually decreased 
to that low value by the presence of gas. A much more probable explanation 
suggests itself by referring to the diagram of their apparatus (Fig. 1, Pring 
and Parker’s paper). Apparently they have placed a glass cylinder, F, around 
the anode, in order to protect the walls of the tube from the radiation from the 
hot anode. In discharges at high pressures this cylinder would have little or 
no effect on the discharge, but at low pressures, where the free path of 
the electrons from the cathode becomes commensurate with the distance 
(apparently about 2 cm) from the cathode to_ this’ cylinder, the effect is 
very important. At very low pressures these electrons charge up the cylinder 
to the potential of the anode and therefore practically destroy the potential 
gradient close to the cathode, where it is especially needed to remove the 
space charge. The writer has often observed effects of this kind in 
connection with his work: in fact, in very high vacuum the charging up of 
the glass sometimes becomes very troublesome. Thus, in some cases, after 
measuring a thermionic current with 240 volts on the anode, no current 
at all will be obtained when the anode potential is changed to 120 volts. By 
touching the bulb with the hand and then with the other hand touching the 
positive terminal of the direct current supply line, the current instantly starts 
up again. 


3 Langmuir Memorial Volumes III 
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In Parker and Pring’s experiments, therefore, as the vacuum improved, 
the potential available for the removal of the space charge decreased very 
rapidly, and this effect is probably responsible for the extremely small currents 
obtained by them in some cases.? 


Lilienfeld’s Experiments? 


Lilienfeld has concluded from the results of very careful and elaborate 
experiments in which we took precautions to obtain a particularly high vacuum, 
that positive ions play an essential role in conduction of electricity, even through 
the highest vacuum. He finds that beyond a certain point these effects are 
entirely independent of the degree of vacuum. He finds also that the poten- 
tial gradient is uniform in the space between the electrodes and that the current 
varies almost exactly proportional to the square of the potential gradient. He 
shows from these results that there is no space charge (except at extremely 
low currents), but that there must be equal numbers of positive and negative 
ions in every unit of volume. 

Lilienfeld used a Wehnelt cathode as a source of electrons, and anodes 
of platinum foil, which were kept cold by liquid air while the discharge passed. 

- These results are so radically different from those that have been described 
in the present paper, that they call for comment. The effects observed by Li- 
lienfeld are certainly real, and prove that the kind of discharge that he was 
studying is totally distinct from the pure electron currents that have been 
obtained with hot tungsten cathodes. 

The essential difference in the conditions is undoubtedly the use of the 
Wehnelt cathode. 

From some experiments made in this laboratory with Wehnelt cathodes, 
and judging from the experiments of Child® the writer is strongly of the opi- 
nion that the Wehnelt cathode is not a primary source of electrons at all, but 
is simply a cathode which is particularly sensitive to bombardment by posi- 
tive ions and under the influence of such bombardment emits electrons co- 
piously. 

In Lilienfeld’s experiments, with the long and crooked path between anode 
and cathode, the space charge would have prevented a pure electron discharge 
from taking place. The Wehnelt cathode, however, probably liberates quan- 
tities of gas sufficient to furnish the positive ions necessary. It is also possible 
that Lilienfeld obtained a steady evolution of sufficient gas by the electron 
bombardment of the anodes which had never been properly freed from gas. 


1 In still more recent work Pring (Proc. Roy. Soc. 89, 344, 1913) again finds the electron 
emission from carbon to be due entirely to secondary effects. Undoubtedly the large currents 
that have often been obtained are due to these causes, but some measurements we have made 
show clearly the existence of a true electron emission. (See Appendix.) 

* Ann. Phys. 32, 673 (1910). 

* Phys. Rev. 32, 492 (1911). 
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Appendix! 


Since the foregoing paper was written, a large amount of data on thermionic 
currents from various metals have been obtained under conditions of still 
better vacuum. The measurements thus far made are of a preliminary nature, 
but seem to indicate that the normal thermionic current from tungsten is even 
larger than that previously given. Much more accurate determinations of the 
thermionic currents from tungsten, tantalum, molybdenum, platinum and 
carbon are in progress, and will be published. The results thus far show that 
with all these substances, the effect of residual gases is always to decrease the 
thermionic current. Often the current obtained after the best vacuum condi- 
tions have been attained is 100-1000 times as great as that observed when 
only the usual means of obtaining so-called high vacuum are employed. 

The following preliminary results, giving the observed thermionic currents 
in milliamperes per sq. cm from various filaments at 2000°K, may be of in- 
terest, but should be considered merely as lower limits to the normal electron 
emission in a perfect vacuum: 








Thermionic current ; ; 
Metal | at 2000°K Richardson's 
eee Oe ee! per sq. cm constant 5 
Tungsten } 3 55,000 
Tantalum 7 50,000 
Molybdenum 13 - au 
Platinum | 0.6 
Carbon 1.0 | 32 000 





The values of 6 given in the last column are probably all slightly too high. 
With platinum it is extremely difficult to get concordant results, probably 
because the surface film is fairly stable, even close to the melting-point of 
the metal. Fredenhagen* has recently given reasons for concluding that none 
of the measurements thus far made of thermionic currents from platinum 
have really given anything more than secondary effects. He suggests that 
the presence of an oxide film may seriously affect the results. Our experience 
has fully confirmed his conclusions. 


Summary 


It is shown both theoretically and experimentally that the mutual repulsion 
of electrons (space charge), in a space devoid of positive ions, limits the current 
that flows from a hot cathode to a cold anode. For parallel. plane electrodes 
of infinite extent, separated by the distance x, and with a potential difference 


1 Added during correction of proof. 
* Leipziger Berichte, math. phys. Kl. 65, 42, 1913. 
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V between them, the maximum current (per unit area) that can flow if no 
positive ions are present is 


. p2./eVrs 
07 V m xt 
For the analogous case of an infinitely long, hot wire, placed concentri- 


cally within a cylindrical anode, of radius r, the maximum current per unit 
length is | 





._ 272, /e Vr 


9 m rpr’ 


where £ varies from 0 to 1, according to the diameter of the wire, but for all 
wires less than 1/20 the diameter of the anode, £, is a quantity extremely close 
to unity. 

2. In the presence of gas at pressures above 0.001 mm, and at voltages 
above 40 volts, there is usually sufficient production of positive ions to greatly 
reduce the space charge and thus allow more current to flow than indicated 
by the above equations. 

3. It is shown, contrary to the ordinary opinion, that the general effect 
of very low pressures of gas is to greatly reduce the electron emission from 
an incandescent metal. 

4. This effect is especially marked at low temperatures. In most cases it 
probably disappears at very high temperatures. 

5. The constant 5 of Richardson’s equation 


6 
i=ayTe ” 
is always increased, in the case of tungsten, by the introduction of oxygen, 
nitrogen, water vapor, carbon monoxide or dioxide. Argon, however, has no 
effect on either constant. 
6. The normal thermionic current from tungsten in a “perfect”? vacuum 
follows Richardson’s equation accurately. The constants approximately: 


a = 34x 10* amperes per sq. cm, 
b = 55,500. 


7. Preliminary data are given for the electron emission from tantalum, 
molybdenum, platinum and carbon. With these substances also the effect of 
gases is to greatly decrease the electron emission. 

8. The effect of nitrogen in decreasing the thermionic current from tung- 
sten depends on the voltage of the anode. In many cases less current is 
obtained with 240 volts than with 120 volts. With oxygen, the effect seems 
independent of the anode voltage. 

9. The following theory seems to account for most of the observed pheno- 
mena and is apparently not inconsistent with any: 
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The effect of gases in changing the saturation current is due to the forma- 
tion of unstable compounds on the surface of the wire. In the cases ob- 
served the presence of the compound decreases the electron emission. It is 
possible, however, that in some cases it might cause an increase. The extent 
to which the surface is covered by the compound depends on the rate of for- 
mation of the compound and on its rate of removal from the surface. The 
compound may be formed on the surface directly by reaction with the gas 
(for example, oxygen), or by reacting principally with positive ions which 
strike the surface (nitrogen). The compound may be removed from the sur- 
face by decomposition, evaporation, or cathodic sputtering (f.e., being driven 
off by bombardment of positive ions). 

10. The experimental conditions which should be met, in order to most 
easily study the thermionic currents in high vacuum, are discussed. It is point- 
ed out that failure to observe these conditions is probably the cause of other 
investigators having found that the thermionic currents tend to decrease with 
increasing purity of the cathode and progressive improvement of the vacuum. 

11. It is concluded that with proper precautions the emission of electrons 
from an incandescent solid in a very high vacuum (pressures below 0.10-* mm) 
is an important specific property of the substance and is not due to secondary 
causes. 

In conclusion the writer wishes to express his appreciation of the valu- 
able assistance of Mr. S.P. Sweetser, and Mr. William Rogers who have 
carried out most of the experimental part of this investigation. 
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THE PURE ELECTRON DISCHARGE AND ITS 
APPLICATIONS IN RADIO 'TELEGRAPHY 
AND TELEPHONY * 


General Electric Review 
Vol. XVIII, 327, May (1915). 


Historical 


IT Has been known for nearly two hundred years that air in the neighbor- 
hood of incandescent metals is a conductor of electricity. Elster and Geitel 
studied this phenomenon in great detail and published the results of their 
investigations in a series of papers in Wiedermann’s Annalen during the years 
1882-1889. 

In most of their experiments they placed a metal plate close to a metallic 
filament within a glass bulb, and studied the charge acquired by the plate 
under various conditions of filament temperature and gas pressure. They 
found in most gases that the filament tended to give off positive electricity 
when it was at a red heat, but at very high temperatures it gave off negative 
electricity more easily than positive. When the vessel was exhausted as comple- 
tely as was possible in those days, the tendency to give off positive electricity 
was much decreased and did not persist, whereas the tendency to emit negative 
electricity was apparently stronger than ever. 

A similar discharge of negative electricity from the carbon filament of an 
incandescent lamp to an auxiliary electrode placed within the bulb was obser- 
ved and studied by Edison and has since been known as the Edison effect. 
Fleming, in 1896 [Proc. Roy. Soc. 47, 118, (1890) and Phil. Mag. 42, 52 (1896)] 
investigated and described this effect in detail. 

J.J. Thomson [Phil. Mag. 48, 547 (1899)] showed that in the case of 
a carbon filament in hydrogen at very low pressures, the negative electricity 
is given off by the filament in the form of free electrons having a mass about 
1/1800 of the mass of a hydrogen atom, and constituting in reality atoms of 


{[Eprror’s Note: Some of this material was used as background for Lecture III, Japan, 
1934, published by The Denki-Gakkwai (The Institute of Electrical Engineers of Japan), Tokyo, 


Japan.) . 
* Read before the American Institute of Radio-Engineers, at New York, April 7, 1915. Pub- 
lished with their permission. Copyright, 1915, by Institute Radio-Engineers. 


[33] 
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electricity. Owen [Phil. Mag. 8, 230 (1904)] showed that a heated Nernst 
filament also gives off electrons and Wehnelt [Ann. Phys. 14, 425 (1904)] 
proved that the electric current from a lime covered platinum cathode (Wehnelt 
cathode) is carried in the same manner. 

Richardson [Phil. Trans. 210, 516 (1903)] applied the electron theory of 
metallic conduction to the electron emission from heated metals, and was 
thus able to develop a theory of this effect. In order to account for the con- 
duction of heat and electricity by metals, Riecke and Drude has assumed that 
metals contain electrons which are free to move under the influence of an 
electric force and which are in constant vibratory motion similar to that of 
the molecules of a gas. Richardson assumed that these free electrons are ordi- 
narily held within the metal by an electric force at the surface, just as the mo- 
lecules of a liquid are. prevented from escaping by a surface force related to 
the surface tension. If the velocity of an electron is sufficiently high, it may 
be able to overcome the surface force and escape. Since the average velocity 
of the vibratory motion increases with the temperature, the number of electrons 
which reach the necessary critical velocity to escape will increase very rapidly 
with the temperature. These considerations are strictly analogous to those 
of the evaporation of a liquid, so that the number of electrons escaping should 
increase with the temperature according to the same laws as those governing 
the increase of the vapor pressure of a liquid as the temperature is raised. 

It had already been shown that the vapor pressure (p) of a substance varies 
with the temperature (P) according to a relation of the form 


a 
p=AyTe * 

where A is a constant, A is the latent heat of evaporation of the liquid (or solid), 

and e is the base of the natural system of logarithms. Richardson was thus 

led to conclude that the current from an incandescent metal should increase 

according to an equation of a similar form, namely 


db 

i=ayTe ” 
Here ¢ is the current per square centimeter at the temperature T, and 5 is a con- 
stant which should be half the latent heat of evaporation of the electrons. 

Richardson suggested that the currents obtained by the emission of electrons 
or ions from incandescent bodies should be called thermionic currents, a term 
which has since come into very general use. According to Richardson’s theory, 
an incandescent metal at a given temperature emits electrons at a definite rate 
which is independent of the electric field around the heated body. 

If a positively charged body is placed near the heated filament, the electrons 
will all be drawn away from the filament and will strike and be absorbed by 
the positively charged body. The motion of these electrons constitutes an 
electric current, the hot filament being the cathode and the positively charged 
body the anode of the discharge. 
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If, however, there is no electric field around the heated filament, or if a neg- 
atively charged body be placed near it, the electrons which are emitted from 
the filament return to it again and are reabsorbed and therefore no current 
flows between the two electrodes. 

According to this viewpoint the electron emission is the same whether 

a thermionic current flows or not. As the potential of the cold electrode or 
anode is increased, a larger and larger proportion of the electrons emitted 
are drawn to the anode, so that the thermionic current increases. As the pot- 
ential is further raised, a point is finally reached at which all the electrons 
emitted pass to the anode, so that a further increase in voltage causes no increase 
in current. The current is then said to be “saturated’”’. 
- Richardson, in 1902, determined the relation between the saturation current 
from a heated platinum wire and a cylinder around it, and found that ¢ varied 
with the temperature in accordance with the equation given above. For other 
substances also he found the relation to hold. 

Since 1903, Richardson’s theory of thermionic currents ba been the sub- 
ject of much investigation. and discussion. H. A. Wilson [Phil. Trans. 202, 
243 (1903)] found that the electron emission from platinum at high tempe- 
rature was decreased to 1/250,000 of its former value by a preliminary heating 
of the platinum in oxygen or by boiling in nitric acid. The admission of a little 
hydrogen brought the current back to its former value. 

Wehnelt [Ann. Phys. 14, 425 (1904) and Phil..Mag. 10, 80 (1905)] disco- 
vered that platinum cathodes covered with lime emit vastly more electrons 
than platinum alone. He proposed using tubes containing such cathodes as 
rectifiers for alternating current of 100 or 200 volts, and described a Braun 
tube in which very soft cathode rays (100 to 1000 volts) could be produced. 
Wehnelt worked usually with gas pressures ranging from 0.01 to 0.1 mm of 
mercury, the lowest pressure recorded being 0.005 mm. Under these condi- 
tions the paths of the cathode rays were visible, showing that here was strong 
ionization of the gas. 

Soddy [Phys. Zeit. 9, 8 (1908)] found that the large currents obtainable 
from a Wehnelt cathode stopped suddenly if the residual gases in the vacuum 
tube were absorbed by vaporizing some metallic calcium. This work of Soddy 
attracted considerable attention and made many investigators feel that ther- 
mionic currents in general were dependent on the presence of gas. 

Lilienfeld, however, considered that Soddy’s experiments did not show 
that the electron emission from the Wehnelt cathode had decreased, but sug- 
gested that the decrease in current might be caused by the building up of 
a negative charge in the vacuum because of the large number of electrons needed 
to carry the current. 

Fredenhagen [Verh. deut. phys. Ges. 14, 384 (1912)] in 1912 studied the 
electron emission from sodium and potassium, two metals that Richardson 
had found particularly good sources of electrons, and concluded that the elec- 


Google 


The Pure Electron Discharge and Its Applications 41 


trons are only emitted as a result of the presence of gas. He suggested that 
if a perfectly clean metallic surface could be obtained in a perfect vacuum 
the electron emission would cease entirely. 

Pring and Parker [Phil. Mag. 23, 192, (1912)] in the same year ance 
the currents from incandescent carbon rods in a vacuum. They found that 
with progressive purification of the carbon and improvement in the vacuum, 
the currents decreased to extremely small values. They concluded that “the 
large currents hitherto obtained with heated carbon cannot be ascribed to 
the emission of electrons from carbon itself, but that they are probably due 
to some reaction at high temperatures between the carbon, or contained im- 
purities, and the surrounding gases, which involves the emission of electrons.” 

‘More recently Pring [Proc. Roy. Soc. A 89, 344 (1913)] repeated these 
experiments under still better vacuum conditions and finds the former results 
confirmed. He concludes that “the thermal ionization ordinarily observed 
with carbon is to be attributed to chemical reaction between the carbon and 
the surrounding .gas.” “The small residual currents which are observed in 
high vacua after prolonged heating are not greater than would be anticipated 
when taking into account the great difficulty of removing the last traces of gas”. 

A similar feeling gradually arose in regard to the photoelectric effect, 
a phenomenon resembling the electron emission from incandescent metals, 
except that the electrons are emitted by the action of light—usually ultra- 
violet light, instead of heat. 

Pohl and Pringsheim [Phys. Zeit. 14, 1112 (1913)] find that the photo- 
electric effect is very much decreased by improving the vacuum, and suggest 
that perhaps the whole effect is due to interaction between the gas and the 
metal. Wiedmann and Hallwachs (the latter the discoverer of the photoelectric 
effect) [Ber. d. Deut. Phys. Ges. 16, 107 (1914)] go further and state empha- 
tically as a conclusion from experiments with potassium that “The presence 
of gas is a necessary condition for appreciable photoelectric electron emission.” 

Fredenhagen and Kuster [Phys. Zeit. 15, 65 and 68 (1914)] conclude that 
the same is true for the photoelectric effect from zinc, and in a still later 
publication Fredenhagen (Verh. d. Deut. Phys. Ges. 16, 201 (1914)] finds that 
both the photoelectric and thermionic electron emission from potassium are 
entirely dependent on the presence of gas. 

We see, then, that there were the best of reasons for believing that it would 
be impossible to get any electric discharge through a perfect vacuum because 
one could not expect to get any electrons from the electrodes. 

In the operation of ordinary X-ray tubes it was well known that a certain 
amount of gas was necessary. Porter [Ann. Phys. 40, 561 (1913)] studied the 
dynamic characteristics of the Wehnelt rectifier and found that with pressures 
as low as 0.001 mm there was a tendency for the current to become unstable, 
fluctuating periodically between zero and a higher value. With higher pressures, 
this difficulty was avoided, but the characteristics clearly showed a sort of 
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hysteresis loop, the current with ascending voltage being different from that 
obtained with descending voltage. 

My active interest in thermionic currents began in connection with some 
experiments on electrical discharges occurring within tungsten lamps. Ac- 
cording to Richardson’s data on the electron emission from such metals as 
platinum and osmium, the currents that might exist across the evacuated space 
in a tungsten lamp would be very large; in fact, the current density, at tempe- 
ratures close to the melting-point of tungsten, might be expected to be several 
hundred amperes per square centimeter. Of course it is evident at the outset 
that the current flowing from one part of a filament to the other through the 
vacuum must actually be very small in any ordinary lamp. It was known that 
the vacuum in a tungsten lamp is extremely high and measurements indicated 
that in well exhausted lamps after 100 hours’ life the pressure was probably 
less than one millionth of a mm of mercury. Taking these two facts into 
account, the very existence of a tungsten lamp seems strong evidence that 
thermionic currents in high vacuum must be very small, if not entirely 
absent. . 

When this effect was studied in more detail, it was found that the smallness 
of the currents in a lamp was not due to any failure of the filament to emit 
electrons, but was due entirely to an inability of the space around the filaments 
to carry the currents with the potential available in the lamp. 

In one case, two single loop tungsten filaments were mounted side by side 
in a bulb. After the bulb was exhausted in the best possible way and the fila- 
ments were thoroughly aged and freed from gas, one of the filaments was heated 
while a positive potential was applied to the other through a galvanometer. 
The hot filament thus served as cathode in the discharge occurring in the lamp. 
As the current through the cathode was increased, the thermionic current as 
measured by the galvanometer increased at first, according to Richardson’s 
equation as shown in Fig. 1; but beyond a certain point, the further increase 
in the temperature of the cathode produced no further increase in thermionic 
current, 

The curve representing thermionic current as a function of temperature 
therefore consists essentially of two parts: first, a part in which Richardson’s 
equation applies; second, a part in which the current is independent of the 
temperature. In the first part of the curve it is found that the current is inde- 
pendent of the voltage, or shape and size of the anode, but in the second part 
of the curve the current is affected by both of these factors and may also be 
either increased or decreased by placing the lamp in a magnetic field. It is thus 
evident that the only reason that the current does not continue to increase, 
according to Richardson’s equation, is that the space between the electrodes 
is only capable of carrying a certain current with a given potential difference. 

The explanation of this phenomenon was found to be that the electrons 
carrying the current between the two electrodes constituted an electric charge 
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in the space which repelled electrons escaping from the filament and caused 
some of them to return to the filament. 

A further theoretical investigation on the effect of this space charge led to 
the following formulas by which the maximum current that can be carried 
through a space (of certain symmetrical geometrical shapes) may be calculated. 


a2 





Fic. 1. Electron emission from tungsten 
in a “perfect” vacuum. 


In the case of parallel plates of large size, separated by the distance x, the 
maximum current per square centimeter, #, is 


Pe eVit ve (1) 


Here, e is the charge on an electron, m the mass of an electron, and V the po- 
tential difference between the plates. If we substitute the numerical value of 
e/m and express i in amperes per square centimeter and V in volts, then this 
equation becomes 


jn 2.33 x10-+L (2) 
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In the case of a wire in the axis of a cylinder, the maximum current per 
centimeter of length from the wire is given by the equation 


. 2y2 e V3? 
= 24" mr (3) 
If we substitute numerical values as before, we find 
/ 
i= 14.65x 10-4 (4) 


where ¢ is the current in amperes per centimeter of length, and r is the radius 
of the cylinder in centimeters. 

These equations have been found to agree accurately with experiments 
when the vacuum is so high that there is no appreciable positive ionization. 

Extremely minute traces of gas, however, may lead to the formation of a suf- 
ficient number of positive ions to neutralize to a large extent the space charge 
of electrons and thus very greatly increase the current carrying capacity of the 
space. For example, a pressure of mercury vapor of about 1/100,000 mm has, 
under certain conditions, been found to completely eliminate the effect of 
space charge, so that a current of 0.1 ampere was obtained with only 25 volts 
on the anode, whereas, without this mercury vapor, over 200 volts were neces- 
sary to draw this current through the space. 

Besides this enormous effect on the current carrying capacity of the space, 
many gases have a great influence on the electron emission from the cathode. 
But in every case where the cathode is of pure tungsten, the effect of gas is 
to decrease, rather than increase, the electron emission. For example, it is found 
that a millionth of a millimeter of oxygen, or gas containing oxygen, such as 
water vapor, will cut the electron emission down to a small fraction of that in 
high vacuum. 

As a result of this work, we became firmly convinced that the electron emis- 
sion from heated metals was a true property of the metals themselves and was 
not, as has so often been thought, a secondary effect, due to the presence of 


Further investigation showed that with the elimination of the gas effects, 
all of the irregularities which had previously been thought inherent in vacuum 
discharges from hot cathodes were found to disappear. In order to reach this 
condition, however, it was not sufficient to evacuate the vessel containing the 
electrodes to a high degree, but it was essential to free the electrodes so 
thoroughly from gas that gas was not liberated from them during the operation 
of the device. It was also necessary to free the glass surfaces very much more 
thoroughly from gas than had been thought necessary previously. The diffi- 
culty thus consists not in the production of the high vacuum, but in the main- 
tenance of this vacuum during the use of the apparatus. As the voltage applied 
to the terminals was increased and as the current density in the discharge in- 
creased, the tendency for the gas residue to become ionized became very much 
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more marked and the difficulties in maintaining a sufficiently high vacuum 
increased still further. However, by special methods of exhaust and by special 
methods of treating the electrodes, these difficulties have been overcome and 
it has thus been possible to construct apparatus in which a large current density 
can be obtained and potential differences of much more than 100,000 volts 
may be applied without obtaining effects attributable to positive ionization. 

In previous devices which employed discharges through vacuum, either with 
or without a hot cathode, there was always evidence of positive ionization if the 
current density was increased above an extremely low value, or if potentials 
over 50 or 100 volts were applied while a current of as much as a few milliamperes 
was flowing. The effects of this positive ionization manifested themselves in 
many ways. If the ionization was sufficiently intense, a glow throughout the 
tube was visible. For example, in the Braun tube, with a lime-covered cathode, 
Wehnelt states that a vacuum as high as possible should be ‘obtained, but 
he speaks of being able to see the path of the cathode rays. It has apparently 
always been assumed that cathode rays of sufficiently high intensity can always 
be seen, but of course such luminosity is direct evidence of ionization of the 
gas. One of the most sensitive indications of the presence of positive ionization 
is the failure of the current to increase with the voltage in a regular manner, 
as shown in equations (2) and (4). If much gas is present, and by this I mean 
a pressure in the order of 1/10,000th mm, the current-voltage curve often shows 
decided kinks when the voltage is raised above 50 or 100 volts. In many cases 
the discharge is unstable and fluctuates periodically between two values. All - 
these effects tend to be extremely erratic, since they vary with the composition 
and the pressure of the residual gases, and these, in turn, are altered by the 
discharge taking place through them. For example, in the ordinary X-ray tube, 
the vacuum continually improves, and it is necessary, from time to time, to 
admit fresh portions of gas. 

With the higher voltages, perhaps the most troublesome features of positive 
ionization is its tendency to disintegrate the cathode. The positive ions, moving 
under the influence of the electric field, acquire high velocity, and when they 
strike the cathode cause rapid disintegration and ultimate destruction of the 
electrode. With a pure electron discharge, however, there is no disintegration 
of the electrode caused by the discharge and the filament lasts the same length 
of time as if no current passed through the vacuum. 

Another effect, produced by positive ionization, is the emission of electrons 
from the cathode under the influence of the positive ion bombardment. These 
electrons, which constitute the so-called delta rays, escape from the cathode 
with considerable initial velocity, and are therefore capable of charging up 
a third electrode in this space to a potential of 10 or 15 volts negative with respect 
to the cathode. 

With the pure electron discharge, none of these effects are present. The 
cathode rays are entirely invisible, the current voltage curve is a smooth curve, 
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follows the 3/2 power law, in case the filament temperature is sufficiently high 
and the shape of the electrodes is such that the small initial velocities of the 
electrons from the cathode do not play too large a role. It is possible to obtain 
a very high current in this type of discharge, but in order to overcome the space 
charge effects, it is then necessary to use a very strong electric field close to 
the cathode. 


Devices Employing a Pure Electron Discharge 


Dr. W. D. Coolidge [Phys. Rev. 2, 409 (1913)] has used the pure electron 
discharge in the construction of a new type of X-ray tube. In this tube the cath- 
ode consists of a small, flat spiral of tungsten wire, surrounded by a small 
molybdenum cylinder which serves as a focusing device, while the anode, or 
target, consists of a massive piece of tungsten, placed near the center of the 
tube. With this tube it has been possible to use voltages as high as 200,000 volts 
in the production of X-rays. The current through the tube is absolutely deter- 
mined by the electron emission from the filament, which, in turn, depends 
upon the temperature, in accordance with Richardson’s equatien. 

The advantages of this tube over the ordinary X-ray tubes previously used 
are many. Perhaps the most important feature is that the current and voltage 
are under complete control at all times, the current being fixed by the tempe- 
rature of the cathode while the voltage is simply that furnished by the transfor- 
mer or induction coil used. The tube seems to have an almost unlimited life, 
the temperature of the filament being so low that no appreciable evaporation 
occurs and the absence of gas eliminating the cathodic disintegration usually 
characteristic of high voltage discharge in vacuum. The tube is entirely con- 
stant in its action and the erratic effects usually observed in X-ray tubes are 
eliminated. | 
' Several other types of apparatus have been developed making use of this 
pure electron discharge, and these devices possess the same advantages. over 
apparatus formerly used as the Coolidge X-ray tube possesses over the ordinary 
X-ray tube. 

In order to distinguish these devices from those containing gas and in most 
cases depending upon gas for their operation, the name ‘“‘Kenotron” has been 
adopted. This word is derived from the Greek kenos, signifying empty space 
(vacuum), and the ending, tron, used by the Greeks to denote an “‘instrument”’. 


Kenotron Rectifier 


The Coolidge X-ray tube is, of course, a rectifier for high voltage alternating 
current, but it is not suitably designed for this purpose. In an X-ray tube, the 
voltage applied must be consumed in the tube itself, whereas in the rectifier 
the voltage in one direction should be consumed in the load in series with the 
rectifier, although the voltage in the opposite direction should be taken wholly 
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by the rectifier. In the X-ray tube, because of the great distance between the 
anode and cathode and the presence of a focusing device around the cathode, 
the space charge effects are very much exaggerated, so that it is necessary to 
apply several thousand volts, in order to get even 10 milliamperes of current. 
This voltage necessary to overcome me space charge is completely lost when 
the tube is used as a rectifier. 
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Fic. 2. The effect of space charge 
on the thermionic currents. 


To overcome this loss of voltage as far as possible, the anode and cathode 
in the kenotron are placed close together and everything is avoided which might 
tend to screen the cathode from the field naturally produced by the anode. 
In this way it has been possible to build kenotrons which have supplied pure 
electron currents of over an ampere, with a voltage drop of about 200 volts. 
This current, however, requires large anodes and cathodes, so that it is usually 
more convenient to build kenotrons with a current capacity of not over 250 
milliamperes, and if it is desired to rectify larger currents than this, to place 
several kenotrons in parallel. 

There seems to be no upper limit to the voltage at which a kenotron can 
operate. A kenotron has been built capable of rectifying 250 milliamperes at 
180,000 volts, and there seems to be every reason to think that kenotrons could 
be used at very much higher potentials if desired. 
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The design and the characteristics of kenotrons has recently. been described 
in a paper by Dr. S. Dushman [General Electric Review, vol. 10, p. 156 1915] 
and I will therefore only briefly describe these devices. 

Fig. 2 gives the characteristics of a typical kenotron designed for rather 
large currents, The curves show the current carried by the kenotron for different 
filament temperatures at given voltages between the electrodes. For example, 
if the temperature of the filament is 2400 deg. the maximum current that can 
be obtained with any voltage is about 
112 milliamperes. If, however, the resi- 
stance of the load is able to hold the 
current down to a value of say 54 milli- 
amperes, then we see from the curves 
that the voltage drop in the kenotron 
would be 75.5 volts, the remaining 
voltage, which may be many thousands 
of volts, being consumed in the load in 
series with the kenotron. 


4 


Fic. 3. Molybdenum cap type of kenotron. Fic. 4. Kenotron with filament 
between two parallel plates. 





Figs. 3 and 4 illustrate two forms of kenotrons, one for voltages up to about 
10,000, and the other one suitable for use up to 50,000 volts. With voltages 
higher than about 12,000 to 15,000 volts, the kenotron of the type shown in 
Fig. 3 is apt to fail, because the electrostatic attraction of the anode pulls out 
the helically wound filament and short circuits the device. At the higher vol- 
tages, therefore, it is necessary to support the filament and to balance, as far 
as possible, the electrostatic forces acting on it. 

The characteristics of the kenotron are such that the current flowing through 
it is always perfectly stable, so that several kenotrons can be run in parallel 
and each one will take its proper share of the current. This is in marked con- 
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trast with the behavior of mercury arc rectifiers, which have negative characteri- 
stics and therefore, if several are placed in parallel, one of them takes the whole 
of the current. 

Owing to the absence of gas effects, the kenotron is a perfect rectifier, in 
that no measurable current flows in the reverse direction, even when voltages 
of 100,000 volts or more are applied. For similar reasons, it is capable of recti- 
fying high frequency currents, as well as low frequency, there being not the 
slightest sign of any lag effects. 


Amplifying or Controlling Devices: Pliotrons 


In a pure electron discharge, as the temperature of the filament is raised, 
a point is always reached where the current becomes limited by the space charge 
between the electrodes. Under these conditions, only a small fraction of the 
electrons escaping from the cathode reach the anode, whereas the majority 
of them are repelled by the electrons in the space and therefore return to and 
are absorbed by the cathode. From this viewpoint it is evident that if a negati- 
vely charged body is brought into the space between the anode and cathode, 
the number of electrons which then return to the cathode will increase, so 
that the current to the anode will decrease. On the other hand, if a positively 
charged body is brought near the cathode, it will largely neutralize the negative 
charges on the electrons in the space and will therefore allow a large current 
to flow from the cathode. In this way it is possible to control the current flowing 
between the anode and cathode by an electrostatic potential on any body placed 
in proximity to the two electrodes. This controlling effect may be best attained 
by having this controlling member in the form of a fine wire mesh, or grid, 
placed between the electrodes. — 

The term “Pliotron” has been adopted to designate a kenotron in which 
a third electrode has been added for the purpose of controlling the current 
flowing between the anode and cathode. This word is derived from the Greek 
“pleion” signifying “more’’. A Pliotron is thus an “instrument for giving more’’ 
or an amplifier. A similar use of the prefix “plio” occurs in the geological term 
“Pliocene.” 

The three elements, hot filament cathode grid, and anode, are, of course, 
similar to the elements of the De Forest audion. However, the operation of 
the audion is in many ways quite different from that of the pure electron device 
operating in the way I have described above. 

In the audion, as well as in the Lieben-Reisz relay, the amplifying action 
appears to be largely dependent upon gas ionization even when the device 
operates well below the point at which blue glow occurs. The action is probably 
somewhat as follows: there is normally present a small amount of gas ionization, 
due to the passage of the electrons between cathode and anode. The presence 
of the positive ions partly neutralizes the space charge which limits the current 
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flowing between the electrodes. If a small positive potential is applied to the 
grid, the velocity of the electrons passing by it is somewhat increased and they 
therefore produce more ions in the gas. Besides this, as the potential on the 
grid is increased, the number of electrons passing the grid is increased, and 
this again tends to increase the amount of ionization. A very slight increase 
in the amount of ionization brought about in this way very greatly reduces 
the space charge and therefore largely increases the current that can flow bet- 
ween the electrodes. Thus, with a given construction of grid, filament and 
plate, the relaying action may be very greatly increased beyond that which 
would occur if no gas were present. The amount of gas ionization which is 
necessary, in order to practically completely eliminate the effects of space charge, 
is often much too small to produce a visible glow in the gas. 

If too much gas is present, or if the potential on the plate or the current 
flowing to the plate is too large, then the amount of positive ionization may 
reach such values as to almost entirely neutralize the space charge and thus 
allow a large current to flow. Under these conditions, the relaying action of 
the audion is lost. This is the case, for example, when the audion gives a blue 
glow. In the border land between these two conditions, there is a region of 
instability in which the sensitiveness of the audion may be enormously great, 
but it is usually not found very practicable to operate the device in this region 
because of the difficulties in maintaining adjustment, for any lack of adjustment 
may cause the audion to go over into a condition of blue glow. 

The audion is often used with a condenser in series with the grid. Under 
these conditions, the audion requires the presence of a certain amount of gas 
ionization so that the positive ions formed may prevent the accumulation of 
too large a negative potential on the grid. With the pliotron, owing to the absence 
of positive ions, if it is desired to use a condenser in series with the grid, this 
condenser must be shunted by a high resistance and often a source of potential 
muxt be placed in series with the high resistance, in order to supply positive 
electricity to the grid as rapidly as this tends to be taken up from the electrons 
given off by the filament. 


Construction of Pliotron 


- In the construction of pliotrons, it has been found desirable to make the 
wires constituting the grid of as small cross-section as possible. In this way, 
even when a positive potential is applied to the grid, the current that flows 
to the grid may be made extremely small. The use of very fine wire is made 
possible by using a frame of glass, metal or other suitable material, to support 
the grid. Thus, in Figs. 5 and 6, the filament is mounted in the center of a frame 
made of glass rods, on which the fine grid wire is wound by means of a lathe. 
The grid may thus consist of tungsten wires of a diameter as small as 0.01 mm 
and these may be spaced as close as 100 turns per centimeter, or even more. 
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In Figs. 5 and 6 are shown two types of pliotron. Fig. 5 shows a pliotron 
such as used for amplifying radio signals in a receiving station. Fig. 6 shows 
a large pliotron which may be used for controlling as much as 1 kw of energy 
for radio telephony. 

The characteristics of the pliotron depend upon the length of filament used, 
the distance between filament and grid, the spacing between the grid wires, 
the diameter of the grid wires, the distance between 
grid and anode, and the size and shape of the 
anode. The important elements in the character- 
istics of a pliotron are, first, the relation between 
the current flowing between anode and cathode 





Fic. 5. Fic. 6. 


as a function of the potential on the anode and of that on the grid; second, 
the current flowing to the grid, as a function of the potential of the grid 
and the potential of the anode. 

Fig. 7 gives the characteristics of a small pliotron such as that shown in 
Fig. 5. Curve A gives the current flowing to the anode for different grid poten- 
tials, while the potential of the dnode is maintained constant at 220 volts. Curve 
G gives the current flowing to the grid under the same conditions. For different 
anode potentials, these curves are shifted vertically, by amounts proportional 
to the change in anode potential. In fact, it is found that these curves can be 
represented with fair approximation by a function of the form 

t= A(V,=kV,)3" 
where 7 is the current flowing to the anode, V, is the voltage on the anode, 
V, the voltage on the grid, and k the constant which depends on the relative 
shapes and positions of the electrodes. 

Fig. 8 gives similar characteristics for a large pliotron like that shown in 
Fig. 6. In this case, the anode potential was 8500 volts. 

By using a fine grid, the current to the anode can be stopped entirely by 
even a very slight negative potential on the grid. On the other hand, a rather 
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low positive potential will then be sufficient to draw a large current to the anode. 


The amount of current taken by the grid would be only a very small fraction 
of that flowing to the anode, in case the diameter of the grid wires is small com- 





7. 


Fic. 


pared to the distance between them. On the other hand with a coarse grid, 


that is, a grid in which the spacing is large, 


a rather large negative potential 


may be necessary, in order to stop the current flowing to the anode. Similar 
results to those obtained by changing the spacing of the anode may be obtained 
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by changing the relative distances between the electrodes. The effects produced 
in this way may be expressed approximately by means of the constant k in 
the above equation, the effect of fine spacing thus being to increase the value 
of k, while coarse spacing decreases it. 

By using a fairly coarse grid, consisting of fine wire, it is possible to obtain 
a control of the current to the anode, always using a negative potential on the 
grid. Under these conditions, since there are no positive ions present, no cur- 
rent flows to the grid, except that necessary to charge it electrostatically to 
the required potential. It thus becomes possible to control very large amounts 
of energy in the anode circuit, by means of extremely minute quantities of 
energy in the grid circuit. 

There does not seem to be any upper limit to the voltages that may be used 

in the pliotrons. With voltages over 30,000 it is often necessary to space the 
electrodes further apart and to use heavier wires for the grid, in order to reduce 
the danger of breakage of the parts by the large electrostatic forces which then 
occur. 
The current carrying capacity of the pliotron is limited only by the size of 
cathodes that it is found convenient to use and by the voltage available. Large 
currents cannot be readily obtained with low voltages because of the space 
charge effects described previously. With voltages above 500 volts, however, 
it is found practicable to use currents of 300 or 400 milliamperes for a pliotron 
of the type shown in Fig. 6. With high potentials, there is no difficulty in using 
currents as large as this, provided the energy is consumed in some device in 
series with the pliotron. On the other hand, if the full voltage is applied to 
the anode while the current is flowing to the anode, the energy liberated in 
the form of heat may be so great as to volatilize the anode or cause it to radiate 
so much heat that the glass parts of the apparatus are softened. In a pliotron 
with a five-inch bulb the amount of energy that may be so consumed within 
the pliotron is about 1 kw. Still larger amounts of power may be dissipated if 
the bulb is immersed in oil and if the grid frame is made of quartz, or other 
heat-resisting material. 

It is evident from the characteristics of the pliotron that any number of 
these devices may be placed in parallel and that in this way, very large amounts 
of power may be controlled. 


PLIOTRON IN A RECEIVING STATION 
Pliotron as a Detector 


If the antenna of a receiving set is coupled directly to the grid of a pliotron 
and a telephone receiver is placed in series with the anode, signals may be readily 
detected, but the results obtained in this way are usually very poor. Under 
these conditions, the sensitiveness of the arrangement is proportional to the 
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curvature of the curve A, Fig. 7 (or, more accurately, proportional to the second 
derivative of the anode current with respect to the grid potential). This cur- 
vature may be somewhat increased by applying a negative potential to the grid, 
but even under these conditions the sensitiveness of the arrangement is usually 
not very high. 

If it is attempted to use a condenser in series with the grid and thus use 
the pliotron in the way that the audion is often used (as described, for example, 
by Armstrong, Electrical World, December 12, 1909, p. 1149), it is found neces- 
sary to shunt the condenser with the resistance and often place a battery of 
a few volts in series with the resistance, in order to prevent a large negative 
charge from accumulating on the grid. 
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It has been found, however, by W. C. White, that a very minute trace of 
certain gases may very greatly increase the sensitiveness of this device as a dete- 
ctor. For example, by placing within the bulb a small quantity of an amalgam 
of mercury and silver, the characteristics of the tube show a kink, as indicated 
in Fig. 9. With a detector of this sort, if the grid potential is adjusted so that 
its average value is approximately that at which the kink occurs, there is a very 
marked increase in sensitiveness. This is due to the fact under these conditions 
either an increase or a decrease in the grid potential causes a decrease in the 
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anode current. The sensitiveness of this detector is then very high. The quanti- 
ties of mercury vapor necessary to give this effect are so low that anode voltages 
of 200 or more may be used without any indication of glow discharge. 


Pliotron as Amplifier 


The value of a pliotron as an amplifier is dependent primarily upon the 
slope of the curve between anode current and grid potential; for example 
curve A, Fig. 7. A second factor of importance is the magnitude of the current 
taken by the grid. In order to get the greatest amplifying effect it is desirable 
to have this current as low as possible. In a pliotron of the type shown in Fig. 5, 
the current to the anode increases at the rate of about 1 milliampere per volt 
change in the grid potential. 

By using larger anode potentials, the slope of the curve can be made very 
much greater, since it becomes possible to use grids of finer mesh. For example, 
in Fig. 8 it is seen that the slope of the curve corresponds to two milliamperes 
increase in anode current per volt change in grid potential. 

It has been found that there is no sluggishness in the characteristics of the 
pliotron, even at the highest frequencies. 
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Fic. 10. 


By connecting the pliotron as amplifier, as shown in Fig. 10, the high fre- 
quency currents received from the grid may be amplified from one hundred 
to six hundredfold. In this arrangement, it is the high frequency or radio fre- 
quency that is amplified, and not the audio frequency. This amplification of 
the radio frequency possesses the marked advantage that the detector circuit 
may be turned to the same frequency as the amplifier circuit, and in this way 
a very marked increase in selectivity is obtained. In fact, it has been shown 
by Mr. Alexanderson that the resonance curve of an outfit consisting of ampli- 
fier and detector, both turned to the radio frequency as shown in Fig. 10, may 
be obtained from the resonance curve for the detector alone, by squaring the 
ordinates. For example, if with a single detector the signals from one station 
(A) are received one hundred times as strong as those from another station (B), 
then, with the above arrangement with the amplifier, the signals from A will 
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be received one hundred times squared, or ten thousand times as strong as 
those from station B. If two amplifiers be used in this way, the signals from 
station A could be obtained one million (or 100*) times as strong as those from 
station B. 

In practice, this arrangement has been found to give a wonderfully high 
degree of selectivity. 

Of course a pliotron may also be used for amplifying the audio frequency, 
coupling the circuits together by means of an iron core transformer. A single 
pliotron, under these conditions, gives an amplification of current of several 
hundred-fold, when voltages of from one to two hundred volts are used on 
the anode. 


Pliotron as Oscillator . 

By placing inductance in capacity in the grid and plate circuits and coupling 
these two circuits together, it is possible to use the pliotron as a source of con- 
tinuous oscillations. Small pliotrons of the type shown in Fig. 5 may produce 
oscillations up to a few watts, and these may be used in a receiving station, 
according to the Heterodyne principle, for receiving continuous oscillations. 
One pliotron may be used for both amplifying or detecting, and for producing 
oscillations. 

With the larger pliotrons, using voltages of a few thousand volts, up to a kilo- 
watt of high frequency oscillations may readily be produced by a single tube. 


USE OF THE PLIOTRON IN RADIO TELEPHONY 


By means of a single large pliotron, it has been found possible to control 
about two kw of energy in an antenna, by means of the currents obtained from 
an ordinary telephone transmitter. There are many arrangements by which 
this may be accomplished. For example, a two-kw Alexanderson alternator 
(100,000 cycles) may be loosely coupled to the antenna and the anode of the 
pliotron may be connected to a point on the antenna where the potential is 
normally high. As long as the potential on the grid of the pliotron is strongly 
negative, no current flows to the pliotron and therefore the full energy is radia- 
ted by the antenna. If, however, the negative potential on the grid is decreased, 
a sufficient current may be drawn from the antenna to strongly damp the oscil- 
lations and thus greatly decrease the energy radiated. With sufficiently high 
potential on the grid, practically the whole of the energy may be diverted from 
the antenna. 

It is thus possible to control the output of the antenna by varying the nega- 
tive potential on the grid of the pliotron. Since the grid is always negative, 
no current flows between filament and grid, and therefore practically no energy 
is required to maintain the charge on the grid. In this way, therefore, by con- 
necting the secondary of the transformer between the grid and filament, and 
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placing the primary of the transformer in series with the telephone transmitter, 
it is possible by means of the variations in the currents from the telephone 
transmitter to obtain potentials on the grid of several hundred volts and thus 
to control the output of the antenna. 

Instead of using an arc or alternator as a source of high frequency current, 
the pliotron may also be used as generator of the oscillations. One pliotron 
may be used both for producing the oscillations and for controlling the ampli- 
tude of the oscillations, in accordance with the sound waves acting on the tele- 
phone transmitter. It is usually preferable, however, to use a large pliotron for 
producing the oscillations, and connecting a small pliotron in the grid circuit 
of the large pliotron for controlling the output of the latter. 

With the above arrangement an extremely simple and efficient radio tele- 
phone outfit can be made. Since the pliotron for producing oscillations requires 
comparatively high direct current voltages, it has been found convenient to 
combine the pliotron oscillator with a kenotron rectifier. Two types of appara- 
tus of this type have been in use a considerable time, and it will be of interest 
to describe these in some detail. 

In the first outfit, which is a small outfit having a capacity of about 20 watts 
in the antenna, the source of power is the local city supply, which is 118 volts, 
60-cycle alternating current. This is connected with the primary of a small 
transformer having two secondary windings. One of the secondaries is designed 
to give about 5 volts and furnishes the current used for heating the filaments 
of the kenotrons and pliotrons. The other secondary of the transformer is wound 
to furnish a potential of about 800 volts. This is rectified by means of a keno- 
tron and serves to charge a condenser of about six microfarads. In this way 
a source of high voltage direct current is obtained in a very simple manner. 
The plate of the pliotron oscillator is then connected to one of the terminals 
of the condenser, while the filament is connected to the other. The plate of 
the second pliotron is connected to the grid of the first, while the grid of the 
second is coupled by means of a second small transformer to the microphone 
circuit. With this outfit, both pliotrons may be relatively small, and in order 
to obtain an energy of about 20 watts in the antenna, it is found that the current 
drawn from the condenser is so small that the potential supplied by it does 
not vary sufficiently to be audible in the signals sent out. The different parts 
of this apparatus may be made very compact and no adjustments are found 
necessary in operating the system unless it is desired to change the wave length, 
In this case, it is only necessary to change the inductance or capacity. 

In the second outfit, which is suitable for use up to 500 watts or more, the 
high voltage direct current is obtained from a small 2000-cycle generator. The 
current from this is transformed up to about 5000 volts, rectified by kenotrons, 
and smoothed out by means of condensers. By the use of 2000-cycle alternating 
current instead of 60-cycle, it is possible to store up large quantities of energy 
and thus obtain as much as a kilowatt or more of power in the form of direct 
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current with condensers of moderate size. This high voltage direct current 
is then used, as before, to operate a pliotron oscillator, the output of which is 
controlled by means of a small pliotron connected to the telephone transmitter. 

By means of this system of control the amount of energy in the telephone 
transmitter circuit need be no larger than those commonly used in standard 
telephone circuits. It has thus been found possible to connect up this radio 
telephone outfit with the regular telephone lines so that conversation may 
be carried out between two people, both of whom are connected with the radio 
stations by means of the regular land lines, It has also been found possible 
to communicate both ways over these lines. 
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FUNDAMENTAL PHENOMENA IN ELECTRON TUBES 
HAVING TUNGSTEN CATHODES 


General Electric Review 
Vol. XXIII, No. 6, 503, 589, June (1920). 


IN A PAPER! published in 1913, it was shown that in a two-electrode thermionic 
device having only a negligible gas residue, and operating with relatively large 
currents, the characteristic consists essentially of two parts. 

In one part of the characteristic the current is practically independent of 
the applied voltage, but increases rapidly if the temperature of the filament 
is raised. This part of the characteristic we will refer to as the ‘‘saturation 
region”’. The current is primarily determined by the electron emission from 
the cathode. 

In the second part of the characteristic the current increases with the applied 
voltage, usually about in proportion to the three-halves power of the voltage, 
but the current is practically not affected by a change in filament temperature. 
This part of the characteristic we will refer to as the ‘‘space charge region”. 
Under these conditions the current is limited primarily by the electrostatic 
field of the electrons in the space between the electrodes. 

In discussing the fundamental phenomena in electron tubes, we must keep 
clearly in mind the distinct nature of each of the two factors just mentioned. 
It will therefore be desirable to discuss these factors separately and later consider 
how they may co-operate to determine the characteristics of a given device. 

The fundamental phenomena underlying the two different parts of the 
characteristic are (1) the electron emission from the cathode, and (2) the space 
charge between the electrodes. 

Electron Emission.—When a metal is heated to high temperature in an ex- 
tremely high vacuum, electrons are emitted from its surface. These electrons 
are emitted with certain initial velocities, depending on the temperature of 
the heated metal or cathode. It has been shown by Richardson and others that 


? Langmuir: Phys. Rev. 2, 450 (1913). Two other papers giving some new data and a clesrer 
discussion of the theory were soon afterwards published in the Physikalische Zeitschrift Vol. 15, 
pages 348 and 516 (1914). A review of the history of these theories and a discussion of their appli- 
cation to electron tubes for use in radio work were published the following year. Gen. Elect. 
Rev. 18, May (1915), and Proc. Inst. Radio Engs. 3, 261 (1915). 


[59] 


Google 


60 Fundamental Phenomena in Electron Tubes 


these initial velocities depend only on the temperature of the cathode and not 
on the material of which it is constituted. All the electrons emitted do not have 
the same velocities—the velocities of the individual electrons are distributed 
around an average value according to the laws of probability. In this particular 
case the distribution of velocities is expressed by a law derived by Maxwell 
and usually known as Maxwell’s Distribution Law. The average kinetic energy 
of the emitted electrons has been found to have the same value as that of gas 
molecules in a gas at the same temperature as the cathode, and the distribution 
of the individual velocities around this mean value is also the same. 


Although the actual average velocity of emitted electrons is very high when 
expressed in ordinary units, such as miles per second, the effects produced 
by these velocities are strikingly small. Because of the very large electric charges 
on the electrons and their small masses, these initial velocities do not enable 
the electrons to move against anything but small retarding potentials. For 
example, the average kinetic energy of the electrons emitted from a cathode 
heated to 2400°K®* is only sufficient to allow the electrons to move against 
a retarding potential of 0.31 volts; with a filament at 1200°K the average velocity 
corresponds to 0.15 volts. To illustrate the meaning of Maxwell’s Distribution 
Law applied to the case of a filament at 2400°K the following figures are given: 
90 per cent of the emitted electrons are capable of moving against 0.022 volts; 
75 per cent can move against 0.059; 50 per cent against 0.143; 25 per cent against 
0.29; 10 per cent against 0.48; 1 per cent against 0.95; while only one out of 
a thousand can move against 1.42, one out of a million against 2.85 and only 
one out of a billion against 4.27 volts. The higher the temperature of the fila- 
ment the greater the voltages against which the electrons can move; in fact, 
this voltage increases directly in proportion to the absolute temperature of the 
filament. 

The number of -electrons emitted from a given cathode in high vacuum 
depends to a very marked extent on the nature of the material constituting the 
cathode, on the condition of its surface and on the temperature. The way in 
which the electron emission varies with the temperature is usually given with 
satisfactory accuracy by an equation which was derived in 1901 by Richardson. 
This equation is 


axle 


(1) 


Here 7 is the current emitted per unit area from the cathode. In other words, 
i is proportional to the number of electrons emitted per unit area per second; 
T is the absolute temperature of the cathode, a and 6 are constants depending 


i=ayTe 


* The temperatures of filaments are expressed on the absolute or Kelvin scale as denoted 
by the symbol °K. The method of determining the temperatures from the characteristics of the 
filaments have been published: Langmuir, Phys. Rev. 7, 302 (1916) and Gen. Elect. Rev. 
19, 208 (1916). 
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on the nature and condition of the surface of the cathode, and e is the base 
of the natural system of logarithms, which is 2.718. 

In deriving this equation it was assumed that the number of electrons per 
unit volume in the metal remains substantially constant while the temperature 
has been raised, and that the external electric field produced by a positive anode 
is without effect in drawing electrons out of the metal. In order that the current 
obtained in any actual device may correspond with the above equation it is 
necessary that the conditions be so chosen that all of the electrons which are 
emitted are able to flow to the anode. If this is the case and if the external field 
does not cause an increase in electron emission, then the current passing through 
the tube is independent of the voltage applied to the anode and the current 
is said to be saturated and is usually referred to as the saturation current. 

For the case of a filament of pure tungsten in a very high vacuum the electron 
emission is given by the equation 

52500 


i= 23.6x10°/Te 7 (1) 


where ¢ is expressed in amperes per sq. cm. From this equation the values of 
# given in Table I are calculated. 


TaBLe I 


Electron Emission from Pure Tungsten 


Absolute Amperes Absolute Amperes 
temp. per sq. cm temp. per sq. cm 
1500 0.58x 10-* 2300 0.1377 
1600 5.42x 10-* 2400 0.365 
1700 37.8 x 10-* 2500 0.891 
1800 214 x 10-* 2600 2.044 
1900 0.00103 — 2700 4.35 
2000 : 0.0042 2800 8.33 
2100 0.0151 2900 17.1 
2200 0.0483 3000 31.7 


Although it is frequently possible under experimental conditions to obtain 
saturation currents which remain constant over wide ranges of voltage, there 
are two factors which, even in the complete absence of gas effects, may cause 
the current to increase with the voltage over that part of the volt-ampere curve 
where ordinarily the saturation current is to be expected. The first of these 
effects has been experimentally found by several observers and particularly 
by Schottky (Phys. Zeit. 15, 872, 1914). Schottky has given both theoretical 
and experimental reasons for believing that with potential gradients of the 
order of magnitude of a million volts per centimeter, the electron emission 
from a metal can be very greatly increased because of an actual pulling of the 
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electrons out of the metal by these fields. Although fields of this order of magni- 
tude can be rather easily obtained experimentally, most practical devices utilizing 
thermionic currents do not have electric fields around their cathodes sufficient 
materially to increase the current in this way. 


The second effect is caused by heterogeneity in the surface of the cathode. 


When a metal which gives a high electron emission is in electric contact 
with another metal giving smaller electron emission, there is a contact dif- 
ference of potential between these metals, and there is an electric field 
produced in the space between the surfaces of these metals. This contact 
difference of potential has been the subject of discussion for nearly a hundred 
years, but within more recent years, through the work of Richardson and 
others, has assumed increased importance.* 

According to this theory a small surface of very high electron emission (which 
we will refer to as an active surface) will have a positive potential with respect 
to surrounding areas having lower electron emission (inactive surface). If the 
active surfaces are small in extent compared to the inactive ones the electric 
field close to the surface of the cathode will be largely determined by the nega- 
tive field of the inactive areas. Since the electrons escaping from the active 
areas must pass through these negative fields, the effective electron emission 
may be greatly cut down unless an external field is applied sufficient to coun- 
teract or neutralize the negative field produced by the inactive areas. A mathe- 
matical analysis shows that when the sizes of the active and inactive areas 
are of molecular dimensions or rather are of the dimensions which one might 
expect by a random distribution of active molecules over the surface, very 
large external fields are necessary in order to get saturation current. When 
to this effect of active and inactive areas we add the geometrical surface irregu- 
larities such as small elevations and depressions due to crystalline structure, 
etc., it is apparent that conditions should be expected to arise in which the 
volt-ampere characteristics may increase with the applied voltage in a compli- 
cated way over the range usually called the saturation region. 

Among the numerous experiments which have confirmed these theoretical 
conclusions, I will mention only one in detail. A thermionic device having 
a tungsten filament containing a trace of thorium and made up in such a way 
that a particularly high vacuum is maintained, can be treated so that the fila- 
ment acts in one case like a pure tungsten filament, and in a second case like 
a pure thorium filament (as far as electron emission is concerned), while in 
a third case a fraction of the surface of the cathode is covered with thorium 
atoms so that the surface is not homogeneous. These changes in the condition 
of the cathode can be brought about at will merely by heating the cathode at 
a series of different temperatures in the highest vacuum. For example, if the 


* For a general discussion of contact potentials and for references to the earlier literature 
see Langmuir, Trans. Amer. Electrochem. Sc. 29, 125 (1916). 
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filament is heated for a short time to 1900°K, thorium diffuses from the inside 
of the filament to the surface and gradually completely covers the surface of 
the filament with a layer of thorium. On the other hand, when the filament 
is heated for a few minutes at 2800 or 2900°K, all the thorium distills off the 
filament, leaving a surface of pure tungsten. If, however, the thorium be dis- 
tilled from the filament at a lower temperature or for a shorter time, it is 
possible to leave the surface covered partly with tungsten and partly with 
thorium. 

When the surface is entirely covered with thorium the electron emission 
at a given temperature is many thousands of times greater than that from the 
pure tungsten surface. By lowering the temperature of the thorium covered 
filament it is possible to get the same emission in the two cases. It is then found 
that under both of these conditions a very definite saturation current is obtained. 
That is, there is a wide range of voltage over which the current remains practi- 
cally constant. 

On the other hand, if the surface of the cathode is made heterogeneous 
by having both tungsten and thorium present on the surface it is found that 
no well defined saturation current is obtained, but the current gradually increases 
as the voltage is raised. The volt-ampere characteristic is very markedly dif- 
ferent from that which is found in either of the two previous cases. This test is 
best made by adjusting the filament temperature so that the current that flows 
with an anode voltage of 200 is the same in each case. These experiments can 
only be made in an exceptionally high vacuum because even slight traces of 
gases such as water vapor or oxygen entirely destroy the activity of a surface 
of thorium and slight traces of positive ionization produce a disintegration of 
the surface to such an extent that the minute traces of thorium are removed 
from the surface. It is clear from these experiments that the failure to reach 
saturation is no indication whatever of the condition of. the vacuum within 
the tube. With one and the same tube, without change in vacuum conditions, 
the volt-ampere characteristics can either be made flat, giving a good saturation 
current, or be made to curve continually upward even at high voltages so as 
to give little indication of a definite saturation value. Other experiments seem 
in a general way to indicate that Wehnelt cathodes as ordinarily made are far 
from homogeneous, and that even in the highest vacuum it is difficult to get 
a well defined saturation current. 

This effect also explains the results obtained by Schlichter* in which he 
found that with a contaminated platinum surface no definite saturation was 
obtained at a hundred volts, while with a clean surface saturation was reached 
at five volts or less. 

In determining the saturation current in a particular device it is usually 
necessary to take great care that the temperature of the cathode remains con- 


* Ann. der Phys. 47, 573 (1915). 
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stant. The electron emission ordinarily increases so extremely rapidly with the 
temperature that a very few degrees change in temperature of the cathode 
will cause a relatively large change in the electron emission, and therefore in 
the saturation current. In cases where fairly large currents are made to pass 
through a thermionic device and fairly high voltages are used, the heat generated 
at the anode and radiated from it may be sufficient to cause changes in the 
temperature of the cathode, and in this way, unless extremely sensitive meth- 
ods of determining and checking the cathode temperature are employed, it 
may happen that this cause produces an apparent increase in the saturation 
current when the voltages applied to the anode are increased. An effect of this 
kind is apt to be particularly important in those cases where the cathode operates 
at a low temperature, as for example where a Wehnelt cathode is used. Either 
by careful control of the cathode temperature or by making measurements 
of the electron emission by momentary application of voltage to the anode, 
it is possible to distinguish between an apparent increase in saturation current 
due to this heating effect and a real increase in electron emission due to hetero- 
geneity of the filament surface or to other causes. 

Very minute traces of impurities in the filament or on its surface may cause 
great changes in electron emission, and as the condition of the surface may 
change during the heating of the filament it may happen that the saturation 
current changes markedly with the time so that irregularities in the volt-ampere 
characteristics may result. 

Space Charge.—When a positive potential is placed on an anode, in proxi- 
mity to a heated cathode in a high vacuum, and the filament is heated to a low 
temperature so that it emits relatively only few electrons, the velocity of the 
electrons increases steadily as they move between cathode and anode. However, 
with a given voltage on the anode the velocity which the electrons acquire is 
perfectly finite so that the electrons take a certain time to pass across this space. 
When the temperature of the cathode is raised and the electron emission 
increases, the number of electrons in the space between cathode and anode at 
any given time increases at first in proportion to the electron emission. Now 
these electrons in the space tend to repel those which are leaving the cathode, 
and it is clear that as we increase the total number of electrons carrying the 
current, a point must ultimately be reached at which the repulsive force caused 
by the electrons in the space will be sufficient to neutralize the attractive force 
caused by the positive potential on the anode. Under these conditions the 
current still flows to the anode because of the initial velocities of the electrons, 
but if the current should then increase enough so that the repulsion of the 
electrons in the space is able to exceed the attractive force due to the anode 
sufficiently to counteract the effect of the initial velocities, then any additional 
electrons emitted by the cathode will be forced to return to the cathode. The 
current flowing from cathode to anode will thus reach a definite limit at any 
given voltage on the anode. In other words, the space between cathode and 
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anode has a finite current-carrying capacity for a given anode voltage. No there 
increase in electrode emission from the cathode can cause the current through 
the device to increase beyond that set by this limitation to the current. 
The quantitative theory of the volt-ampere characteristics of an electric 
discharge in which the current is carried by ions of only one sign was wor- 
ked out by Child (Phys. Rev. 32, 492 [1911]). For the case of a discharge 
occurring between two parallel plane electrodes Child obtained the equation:* 


. y2_./e Vi 

a wVee (2) 
Here 7 is the current flowing between the electrodes per square centimeter of 
surface; e is the charge on the ion; m is the mass of the ion; V is the dif- 
ference of potential between the anode and cathode; and x is the distance 
between these electrodes. Child derived and used this equation in connection 
with a discussion of the maximum current that could be carried by positive 
ions in a gaseous discharge. 

When equation (2) is applied to the case of a discharge carried by electrons 
only, the value of e/m is very much larger than in the case of discharge car- 
ried by positive ions. If we take the value of this ratio as found for the elec- 
trons and substitute in the equation and adopt as our units the volt, ampere 
and centimeter the equation becomes 


/ 
i = 2.33x10- (3) 


In this equation, 1 represents the current-carrying capacity of the space between 
the electrodes in amperes per square centimeter when the difference of po- 
tential V is applied to the electrodes, and the distance between the electrodes 
is X centimeters. 


* This equation was independently derived by the writer (Phys. Rev. 2, 450 [1913]) and ap- 
plied to the case of conduction by electrons. 

Lilienfeld (Phys. Rev. 3; 364 [1914]) claims to have found the law that the current increased 
with the 3/2 power of the voltage in some of his work published in 1910. A careful study of Lilien- 
feld’s data shows, however, that in his experiments the current did not even approximately 
vary with the 3/2 power of the voltage. The original data upon which Lilienfeld bases his claim 
are those given on page 698 of his 1910 article (Ann. der Phys. 32). It there appears 
that no current flowed until the voltage between the sounding electrodes was 102 volts and when 
the voltage increased from 102 to 116 volts there was a 17-fold increase in current. 

The current thus increased with the 22nd power of the voltage instead of with the 3/2 power 
At higher voltages the rate of increase became gradually less, but over the range in which Lilien- 
feld claims to have found the relation, the 3/2 power law is not even approximately fulfilled, 
What Lilienfeld did find was the purely empirical relation that, beginning from 102 volts, in 
his device the current increased in proportion to the 3/4 power of the quantity V*—V 3 where 
V is the difference of potential between two sounding electrodes and V, is 105 volts. At the higher 
voltages before V became very large compared to V» Lilienfeld found that even the above 
empirical relation did not hold. 
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For the entirely analogous case of a pure electron discharge from a straight 
cylindrical filament to a co-axial cylindrical anode, I have derived the equation 
. 2y¥2_/e vst 

=—“— Vm @) 

where # is the current per centimeter of length along the axis and r is the radius 
of the cylindrical anode. 

If the units are expressed in volts, amperes and centimeters this equation 


becomes 


I 
i= 14.65x 10-012" (5) 
T 


This gives the maximum current-carrying capacity of the space between the 
cathode and anode in amperes per centimeter of length for the case of a small 
heated wire in the axis of a cylindrical anode of radius r centimeters, having 
a positive potential of V volts with respect to the cathode. 


Assumptions Underlying the ‘Space Charge Equation” 


In deriving the above equations, Child, Langmuir, Schottky, and presu- 
mably Arnold, made two fundamental assumptions; first, that the initial velo- 
cities of the electrons had a negligible effect under the conditions to which 
the equations were to be applied, and secondly, that the temperature of the 
cathode and therefore its electron emission were so high that a further increase 
in temperature would not cause an increase in the current. This second: assump- 
tion is equivalent to assuming that the filament is at such a temperature that it 
emits a surplus of electrons. It is necessary to make some such assumption 
in order to bring into the mathematical equations the fact that we wish to con- 
sider the space charge limitation of current instead of that due to the electron 
emission from the cathode. 

We have already seen that the average initial velocity of the electrons emitted 
from the filament at 2400°K is only sufficient to cause electrons to move against 
a negative potential of 0.31 volts. Since the space charge equation is ordinarily 
used in connection with thermionic devices, in which voltages of from 10 volts 
up to many thousands of volts may be used, it is clear that the initial velocities 
are very small compared to those produced by the applied voltages. In general, 
therefore, it would seem that we are justified in neglecting these initial velo- 
cities. Of course, what actually happens is that, when the electron emission 
from the cathode exceeds the current-carrying capacity of the space, some 
of the electrons begin to return to the cathode. When this occurs there is at 
the surface of the cathode an opposing electric field, and the potential in the 
space at a short distance from the cathode surface is negative with respect 
to the cathode itself. The electrons which return to the cathode are naturally 
those which were emitted from it with the lowest velocities. There is thus 
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directly in front of the cathode a place where the potential is a minimum and 
it is at this place that the potential gradient is zero. 

In the derivation of the space charge equations the assumption of negligible 
initial velocities introduces an error which is roughly proportional to the ratio 
of the few tenths of a volt to the applied anode potential. The assumption that 
the potential gradient at the surface of the cathode is zero is strictly only per- 
missible when we neglect the initial velocities. If the initial velocities were 
actually zero, then there is no question that the potential gradient at the sur- 
face of the cathode would be zero when the current is limited by the current- 
carrying capacity of the space. If we assume that this zero potential gradient 
does not exist at the surface of the cathode, but exists at the point of mini- 
mum potential at a distance of a thousandth of an inch or so from the cathode, 
then the assumption is entirely permissible. It is also apparent that this assump- 
tion of zero potential gradient taken together with an assumed zero initial 
velocity, is merely equivalent to stating that a surplus of electrons is emitted 
at the cathode, and it is essential to make this assumption if we wish to have the 
resulting equation give us the maximum current-carrying capacity of the space. 

Of course, there are various other tacit assumptions which are made in the 
derivation of the space charge equations (2) to (5), such as, for example, that 
the whole of the cathode is at one potential, that the electrons do not lose energy 
by collisions with gas molecules, that there is no magnetic field which inter- 
feres with the free motion of the electrons, etc. 

The space charge equation (3) giving the current between parallel plane 
electrodes is not of a form which can be readily tested experimentally be- 
cause it is difficult to work with a plane cathode surface of large area.1 The 
fact, however, that this equation indicates that the current when limited by 
space charge should increase in proportion to the three-halves power of the 
voltage is the most significant feature. 

The equation (5) dealing with the case of a straight cathode wire in the 
axis of a cylindrical anode is one which can be tested experimentally with 
high accuracy. A large number of experiments by Dushman? and by Schottky 
have shown that this equation holds with a very satisfactory degree of accuracy, 
the experiments being made of course under conditions of very high vacuum. 
This agreement is not only accurate in regard to the current increasing in 
proportion to the three-halves power of the voltage over a wide range, but also in 
regard to the actual numerical values of the current obtained at a given voltage. 

By a general method of reasoning published in 1913, it was concluded 
that the three-halves power relation derived directly for the case of the parallel 

1 Germerhausen (Physik. Zeitsch. 16, 104 [1915]) applied Equation (3) to electron current 
between a plane Wehnelt cathode and a parallel anode and obtained good agreement. 

* Dushman, Phys. Rev. 4, 121 (1914). 

Schottky, Physik. Zeitsch. 15, 624 (1914). 

® Langmuir, Phys. Rev. 2, 459 (1913). 
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plane electrodes and the cylindrical electrodes should also hold for electrodes 
of any shape, provided that every part of the cathode surface is heated to a tem- 
perature high enough so that a surplus of electrons is emitted, and that the 
boundaries of the space through which the discharge takes place are either 
at the potential of the cathode or at the potential of the anode. In the argu- 
ment given in support of this relation it was not made clear that the rigorous 
derivation depends upon the assumption of negligible initial velocities and also 
upon the fact that the paths which the electrons take under these conditions 
remain the same if the potentials of the bounding surfaces are all increased in 
the same ratio. Schottky (Phys. Zeitsch. 15, 526 [1914]) criticized this con- 
clusion and maintained that the 3/2 power law should hold only for those 
cases in which the electrons travel in straight lines from the cathode to the 
anode. As a result of correspondence, however, Schottky recognized that the 
paths of the electrons remain unchanged when the voltage is raised, and there- 
fore admitted! the general validity of the 3/2 power law for all cases where 
the effects of initial velocities were negligible. 

By far the best indication, however, that the three-halves power raion 
does hold for electrodes of even complicated shapes is the experimental proof 
that it holds over wide ranges of voltages in actual thermionic devices in which 
the filaments and even the anodes are in the form of wires twisted into a great 
number of irregular shapes. In fact, the experiments seem to show that except 
under unusual conditions the relation holds very nearly as well as for the case 
of concentric cylinders. This experimental proof justifies the assumptions 
made in the derivation of the general equation. In devices with three elect- 
rodes it is usually found that the three-halves power relation holds satisfactorily 
either when both cold electrodes are connected together as anode or when 
one is used as anode and the other is connected to the cathode. In this latter 
case, however, the range over which the relation holds is usually more restricted. 
The reason for this will be discussed below. 

Of course, it is only to be expected that the space charge equations will 
apply only when the electron emission from the cathode is so great that a sur- 
plus of electrons is emitted from every part of the cathode surface. Even under 
these conditions there are various factors which may cause deviation from the 
three-halves power law or which may cause the current-carrying capacity of 
the space to vary, even without change in the anode potential. 

We will discuss these various factors. 


Effects Due to Initial Velocities of the Electrons 


I have already discussed how with the parallel plane electrodes the initial 
velocities of the electrons produce a small deviation from the three-halves 
power relation when the voltage applied to the anode is not very large comp- 


"1 See footnote on page 873 of Schottky’s subsequent paper (Physik. Zeitsch. 15, 872 [1914]). 
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ared to the voltages of a few tenths of a volt corresponding to the initial velo- 
cities. Of course when voltages below two or three volts are used on the anode 
these deviations from the three-halves power law become relatively large. 
In the case of coaxial cylindrical electrodes the electric field around the cat- 
hode is particularly strong close to the surface of the cathode, and the effects 
due to initial velocities are thus less important than in the corresponding case 
of the parallel plane electrodes. Still with anode voltages of less than five or 
ten volts, the initial velocities cause quite perceptible, and at very low vol- 
tages, relatively large deviations. In the general case of electrodes of any shape 
whatever it is not always true that the initial velocities have the same relatively 
small effect as in the two simple cases of the plane and cylindrical electrodes. 
Wherever the design of the apparatus is such that there is a strong electric 
field close to the surface of the cathode the deviations from the three-halves 
power relation are not greatly different from those in the case of the concen- 
tric cylindrical electrodes. Thus, the cathode instead of being straight can be 
bent into complicated shapes, such as a rather open helix or a V, U or W 
shape. The anode also may have various shapes of this kind, and yet in all 
these cases the three-halves power ratio may be found to hold over a very wide 
range of voltages and even hold fairly accurately at voltages as low as five volts. 
That is, the current at five volts may differ only by a small percentage from 
the current calculated by extrapolating from the volt-ampere curve at higher 
voltages according to the three-halves power law. 

In those cases, however, where the apparatus is so designed that the elec- 
tric field close to the surface of the cathode is made abnormally small by the 
presence of an auxiliary electrode or the walls of the vessel, the effect of the 
initial velocities of the electrons is exaggerated so that marked deviations from 
the three-halves power law may hold at comparatively high voltages. Such an 
effect, for example, is observed when a standard Coolidge X-ray tube, having 
a focusing shield nearly surrounding the cathode, is operated at potentials 
of only a few hundred volts, that is, under conditions far removed from those 
at which it ordinarily operates. The presence of this focusing screen or shield, 
which is connected to one end of the cathode filament, makes the electric 
field close to the surface of the cathode very small indeed compared with 
what it would be if the shield were not present. Under these conditions the 
number of electrons which escape from the cathode and pass to the anode 
depends very greatly on the initial velocities of the electrons. Thus, with vol- 
tages on the anode much less than those needed to give saturation, the cur- 
rent flowing through the tube is found to depend to a considerable degree on 
the temperature of the cathode; in other words, on the initial velocities. Fur- 
thermore, the current is found to increase with the voltage considerably more 
slowly than corresponds to the three-halves power law even at voltages of 
several hundred volts. However, as the voltage is raised the slope of the volt- 
ampere characteristic gradually approaches closer to that corresponding to 
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the three-halves power law, so that at 2000 volts there is reasonably good 
agreement with this law. 

Another case in which the effect of initial velocities may be abnormally 
increased is that in which the grid of a pliotron is connected to the negative 
end of the filament, while various positive potentials are applied to the plate 
or anode. The shielding action of the grid has an effect similar to that of the 
focusing shield in the Coolidge tube, although the effect is usually not nearly 
so marked. Under normal conditions it is usually found that the current 
flowing to the anode follows the three-halves power law quite satisfactorily 
under these conditions over a wide range of voltage, but that as the anode 
voltage is lowered deviations from this law begin to occur at, for example, 
20 to 50 volts on the anode, instead of five or ten volts as in the case where 
the grid and anode are connected together. 

A simple analogy may make clearer the reason for the effect of initial velo- 
cities being so greatly exaggerated when the field around the cathode is made 
small. Suppose, for example, a man stands on the ground holding a handful 
of sand and throws this up into the air while the wind is blowing. The sand 
will evidently be carried away by the wind. This condition is rather analogous 
to the case of electrons emitted from a filament surrounded by an electric 
field which tends to draw the electrons away. The wind corresponds of course 
to the electric field. Under these conditions, it is clear that the particular 
velocity with which the man throws the sand upward is not important so 
long as the velocity is sufficiently great for the sand to leave his hand. 
Consider now the case of a man standing at the bottom of a well, with the 
wind blowing over the ground around the well: If the man throws the 
sand up as before, it will all fall to the bottom of the well because it is 
protected from the action of the wind. If, however, he throws it upward 
with sufficient velocity so that some of it rises above the level of the ground, 
it will then be carried away by the wind. The amount that is thus carried 
will depend entirely on the velocity with which the sand is thrown upward. 
This is analogous to the case of the Coolidge X-ray tube in which electrons 
are emitted at the bottom of a depression which protects the surface of the 
cathode from the action of the external electric field. 

Experiments have shown that if a tube is made up exactly like a standard 
Coolidge X-ray tube, except that the focusing shield is omitted, the three- 
halves power law then applies with very satisfactory accuracy down to com- 
paratively low voltages. 


Effects Due to the Charging Up of the Walls of the Vessel 


In cases where the anode does not nearly surround the cathode some of 
the electrons emitted from the cathode are able to pass to the surface of the 
glass until a negative charge develops on the glass sufficient to prevent any 
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further flow of electrons to the glass. In other words, the glass will become 
slightly negatively charged with respect to the cathode. The actual potential 
which the glass may reach in this way depends mainly on how good the in- 
sulating conditions are, and, as we shall see later, depends to an extraordinary 
degree on the presence of even relatively minute amounts of gas ionization. 
According to Maxwell’s Distribution Law, there is no definite upper limit 
to the velocities with which the electrons are emitted from the hot cathode, 
but, as has been shown, only about one out of a million of the electrons is 
able to move against 2.85 volts, and only one out of a billion against 4.27 volts. 
Such extremely small currents as those corresponding to this last figure would 
not ordinarily be able to make up for the electric leakage from the surface of 
the glass. Under usual conditions, therefore (and this is in general accord 
with experiment), the glass walls, and, in fact, any well insulated electrode 
placed within the vessel, charges up to potentials in the neighborhood of about 
two volts. But under exceptional conditions of high vacuum, etc., this negative 
charge may be a couple of volts greater. 

Where the anode nearly surrounds the cathode the slight negative poten- 
tials on the glass have, of course, relatively little effect on the electric field 
between the electrodes, and therefore are not important in their effect on the 
current-carrying capacity of the space. In those cases, however, where the 
anode is relatively small, or is placed at a considerable distance from the cathode 
so that a relatively large surface of glass is exposed, the effect of the charges 
on the glass frequently becomes of the utmost importance in modifying and 
increasing the effect of the space charge, and in weakening the field around 
the cathode. In this way it may happen that the effects of the initial velo- 
cities may be exaggerated, just as in the case of the presence of an auxiliary 
electrode close to the cathode. In the case where the anode and cathode both 
consist of small U-shaped filaments placed at some distance apart in a rather 
large glass bulb, the effect of the charging-up of the walls may become so 
great as entirely to stop the current that flows between the two electrodes 
even when several hundred volts are applied to the anode. Such effects as 
this can be observed when the greatest effort is made to obtain a high va- 
cuum and the entire bulb is completely immersed in liquid air so as to im- 
prove the vacuum and decrease the electric conductivity of the glass surfaces. 
Under slightly poorer vacuum conditions, where effects of this kind may occur, 
but are less marked, it may happen that no current will pass from cathode 
to anode until a certain critical voltage is applied to the anode. Above this 
point the volt-ampere characteristics correspond accurately under ordinary 
conditions to the three-halves power law. These effects can be eliminated by 
rendering the glass walls electrically conducting, as for example, by distilling 
tungsten, copper or other metallic substance on to them from the filament 
and by connecting this conducting surface to the anode or cathode in such 
a way as to prevent the accumulation of negative charges. 
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In properly constructed thermionic devices effects of this kind usually do 
not occur at all under normal conditions. These effects have, however, misled 
a great many scientific investigators and have undoubtedly led Pring and 
Parker in their work on thermionic emission from carbon, and Hallwachs in 
his work on photo-electric emission, to conclude that in a very high vacuum 
the thermionic emission and photo-electric emission vanish. Of course, sub- 
sequent work has entirely disproved these conclusions. 


Effects Due to the Current Used to Heat the Cathode 


Under the usual operating conditions ordinary thermionic devices have 
a cathode which is in the form of a filament and is heated by the passage 
of current through it. There is thus a potential drop along the filament and 
the current through the filament produces a magnetic field surrounding the 
wire. There are thus three ways in which the current flowing through the 
filament may influence the volt-ampere characteristics and cause deviations 
from the three-halves power law: 

(A) The potential drop along the wire makes the potential difference bet- 
ween the anode and cathode vary for different parts of the cathode surface. 

(B) If the different portions of the cathode are in close proximity to each 
other, two parts having marked difference of potential produce an effect exactly 
like that caused by the grid of a pliotron. 

(C) The magnetic field causes changes in the paths of the electrons. 

Let us discuss these effects separately: 

(A) Potential Drop Along Cathode.—As an extreme case where the poten- 
tial drop along the wire influences the characteristics of the discharge, let 
us consider a long straight filament placed in the axis of an equally long 
cylindrical anode. We will assume that the voltage drop along the wire is 
100 volts. If, now, we give that anode a potential of ten volts (positive) with 
respect to the negative end of the filament, it is clear (neglecting initial velo- 
cities) that current will flow only from that part of the cathode which is ne- 
gative with respect to the anode. The current will thus flow only from a sec- 
tion of the cathode located near the negative end of the filament, which is 
one tenth of the length of the cathode. If, on the other hand, the anode is 
charged to plus 20 volts with respect to the negative end of the filament, then 
current will flow from two tenths of the length of the cathode while the other 
eight tenths will be entirely inactive as far as contributing to the total cur- 
rent is concerned. For each small section of the cathode the three-halves 
power law will apply with reasonable accuracy, but the total effective length 
of the filament also increases in proportion to the applied voltage. From 
this it is readily seen (and this is confirmed by more rigorous mathematical 
analysis) that as long as the potential of the anode does not exceed that of 
the positive end of the cathode, the total current increases in proportion to 
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the five-halves power, that is, the two and one-half power of the voltage. With 
anode voltages higher than that of the positive end of the filament this rela- 
tion will no longer hold, but the slope of the volt-ampere characteristic will 
gradually approach more and more closely to that corresponding to the three- 
halves power law as the voltage is raised beyond this point. It is thus seen 
that the maximum effect of the voltage drop along a straight filament with 
the anode at a constant distance from it is not greater than that corresponding 
to an increase of the exponent from 3/2 to 5/2. 

It is clear that in studying the characteristics of a device in which there 
is a large voltage drop along the filament, the voltage applied to the anode 
should be measured from the negative end of the filament, because most of the 
electron emission, and in some cases all of the electron emission, comes from 
this end of the filament. 

(B) Grid-like Action of One Part of the Filament on Another.—With special 
construction of the cathode by which the two ends of the cathode are brought 
close together, or where the cathode is made as a double helix, this grid-like 
action may become fairly marked. It is still more pronounced where one end 
of the filament is supported by a framework in proximity to the filament or 
to the path that the electrons take between the cathode and anode. This 
framework corresponds exactly to a grid connected to one end of the filament. 
The current-carrying capacity of the space between cathode and anode de- 
pends upon the direction in which the current is made to pass through the 
cathode, the voltage of the anode with respect to the negative end of the 
filament being kept constant. Thus, if the framework is positive with respect 
to the rest of the filament, the current-carrying capacity of the space will be 
greater than if the framework is negative with respect to the rest of the fila- 
ment. In general the 3/2 power relation will hold more accurately if the frame- 
work is connected to the negative end of the filament than if it is connected 
to the positive end. Furthermore, with a given potential on the anode (always 
with respect to the negative end of the filament) the current-carrying capacity 
of the space will vary with the current flowing through the cathode, because 
the potential on the positive end of the filament is thus made to change and 
this alters its effect as a grid. In case the anode is maintained at a given poten- 
tial with respect to the positive end of the filament (which is not customarily 
done) this may readily lead to a decrease in the current-carrying capacity of 
the space when the filament temperature is increased. This effect is simply 
due to the negative end of the filament becoming more strongly negative 
when the filament temperature is raised. 

(C) Effect of Magnetic Field.—Richardson* has pointed out that the magne- 
tic field produced by the current flowing through the cathode tends to inter- 
fere with the free motion of the electrons and tends in fact to cause them to 


* The Emission of Electricity from Hot Bodies (1916), by O. W. Richardson, p. 67. 
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return to the cathode. This effect is particularly marked when the cathode 
is such that it requires large heating currents of many amperes, and is also 
more marked when the electrons are moving under the influence of a weak 
electric field, that is, when the anode voltages are low. 

For the case of a straight filament carrying one ampere the electric field 
needed to draw the electrons through this magnetic field is only 0.2 volts. 
The effect is thus of the same order of magnitude as that due to the initial 
velocities of the electrons. With filaments, however, which take 10 or 20 amp- 
eres to heat them, this effect would be quite serious except when high anode 
voltages are used. 


Elimination of Effects Caused by Current Passing 
Through the Cathode 


All of the effects caused by the current passing through the cathode can be 
entirely eliminated by making measurements of the volt-ampere characteri- 
stics during short intervals of time during which the current flowing through 
the cathode is interrupted. If these time intervals are made of the order of 
a hundredth of a second or less, the filament temperature remains practically 
constant. This may be accomplished by use of a rotating commutator. This 
method was apparently first used for measurement of thermionic currents 
by O. von Baeyer* and was subsequently used by Schottky (Annalen der Physik 
44, 1021 [1914]). This simple method of determining the characteristics of a ther- 
mionic device eliminates all the rather complicated secondary effects pro- 
duced by (A) the potential drop along the cathode; (B) the grid-like action 
of one part of the cathode on another; and (C) the magnetic field caused 
by the current flowing through the cathode. 


Effects Caused by Lack of Uniformity in the Temperature 
of the Cathode 


The filament used as cathode is cooled at its ends by the leads which carry 
the current to it, and it is also cooled by any supports used to hold the filament 
in place. Although the central part of the filament may be heated to such a high 
temperature that it emits more electrons than can be carried through the space 
with a given voltage on the anode, the ends of the filaments are always cooled 
to such a low temperature that they emit practically no electrons. A mathema- 
tical and experimental analysis has shown that under ordinary conditions the 
cooling effect at the two ends of a tungsten filament lowers the total electron 
emission from the filament by an amount that corresponds roughly with the 
electron emission from a length of filament having a voltage drop of 1.4 volts. 
Thus, if the voltage used to heat the cathode is 14 volts, the cooling effect of 


* Physik. Zeitsch. 10, 168 (1909). 
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the leads normally decreases the total electron emission by about 10 per cent 
below that which would be obtained if the entire length of filament were heated 
to the same temperature as that which exists at its middle. With a filament, 
however, requiring only 4.2 volts, the cooling effect of the leads would reduce 
the total electron emission by about one third. These results are given simply 
to indicate the order of magnitude of the effect produced by the cooling of 
the leads. 

With filaments which take three volts or less the relative decrease in electron 
emission for a given heating current is much greater than would be calculated 
by the above simple rule. 

In the derivation of the space charge equations, particularly that derived 
for the case of electrodes of any shape, it was assumed that every part of the 
cathode surface was heated to a temperature at which a surplus of electrons 
was produced. Now, in all cases in which we are dealing with actual filaments 
there is a short length of filament near the ends on which the electron emission 
is so small that there is not a surplus of electrons. In fact, over this region of 
the filament the current flowing from it will be saturated. This causes a slight 
deviation from the 3/2 power law, but with filaments requiring three or four 
volts or more this particular cause of deviation is an extremely small effect. 
This is proved by observation of the actual characteristics of electron discharge 
devices having filaments of this character. It is found that the volt-ampere 
characteristics do follow the 3/2 power law over a wide range of voltage. Of 
course the higher the voltage used in the filament the smaller this effect be- 
comes, but the evidence seems to indicate that even for the filaments having 
the lowest drop used in practice this particular effect is negligible in causing 
departure from the 3/2 power law. 

The cooling effect of the leads, however, has a more marked effect on the 
characteristics in causing a change in the current-carrying capacity of the space 
because of the change in the area of the heated part of the filament when diffe- 
rent filament temperatures are used. Thus the higher the filament temperature 
the longer the section of the filament which will be heated hot enough to emit 
a surplus of electrons. With filaments in which the voltage drop is only three 
or four volts and operating at normal temperature a marked increase in filament 
temperature will increase the length of the heated region sufficiently to cause 
several per cent increase in the current-carrying capacity of the space, simply 
because it increases the cross-section of the space through which the electrons 
pass. With filaments in which the voltage drop is larger, however, this effect 
becomes proportionally less. 

This effect of the cooling of the leads sometimes causes the apparent current- 
carrying capacity of a given device to depend on the cathode temperature. This 
should not be mistaken for an effect due to the initial velocities. The effect 
due to initial velocities is noticed particularly with low anode voltages, whereas 
that due to the cooling of the leads is effective at all anode voltages practically 
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equally. The volt-ampere curve in this latter case still corresponds to the 3/2 
power law, but the coefficient K in the equation i = KV*/? increases as the 
filament temperature is raised simply because the length of the heated region 
changes with the temperature of the filament. 


Effect of External Magnetic Field 


If a thermionic device is placed in a magnetic field, as, for example, by bring- 
ing an electro-magnet or permanent magnet close to the bulb, the paths of 
the electrons are changed in a way similar in principle to that caused by the 
magnetic field due to current flowing through the cathode. With ordinary 
thermionic devices of the type I am considering an external magnetic field 
usually decreases the current-carrying capacity of the space for a given anode 
voltage. The lower the voltage on the anode the more marked this effect be- 
comes. As a result of this an external magnetic field usually causes the current 
to increase with the applied voltage on the anode more rapidly than when the 
magnetic field is absent. Thus, in the ordinary device the 3/2 power law holds 
accurately over a wide range when there is no field, but a strong magnetic field 
has the effect of making the current increase more rapidly than the 3/2 power 
law requires. An effect of this kind is ordinarily only noticeable when rather 
strong external fields are applied, and weak fields like that of the earth’s magnetic 
field are negligible in their effects. 


Secondary Electron Emission from the Walls 
of a Discharge Tube 


With relatively high-voltage electron discharges in high vacuum, particu- 
larly when the walls of the vessel are of unusual shapes, so that the distance 
between the electrodes is large and the walls of the vessel interfere with the 
free passage of electrons between the electrodes, it may happen that the 
bombardment of the walls of a vessel by high velocity electrons and the 
consequent emission of secondary electrons becomes a phenomenon of vital 
importance. 

When a surface of glass is struck by electrons with relatively high velocities 
corresponding to 20 to 100 volts or more the energy of the impact may cause 
other electrons already present in the glass to be knocked off or emitted. Of 
course, these electrons leave the glass with less energy than that of the primary 
electrons which struck the glass, and a large part of the energy of the primary 
electrons is converted into heat, thus heating the walls of the vessel subject 
to this electron bombardment. Under ordinary conditions, with a discharge 
tube in which the walls of the tube are not so shaped as to interfere directly 
with the passage of electrons between the two electrodes, phenomena of this 
kind become important only at extremely high voltages, of the order of magni- 
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tude of 50,000 volts or more, although in the presence of small amounts of 
gas the effects of secondary electron emission are often a serious disturbing 
factor at voltages of the order of magnitude of 10,000 volts. 

A glass tube with cylindrical walls, about two inches in diameter and about 
eight inches long, contained a V-shaped tungsten cathode placed at about the 
center of the tube, and a disk-shaped anode of tungsten placed perpendicular 
to the axis of the tube at a distance of about an inch or a little more from the 
tip of the V of the tungsten filament. This tube was exhausted to a particularly 
high vacuum, the tungsten anode having been heated to brilliant incandescence 
by use of a high-voltage discharge. It was found that this tube could be operated 
in either one of two ways: (1) If a voltage of a few hundred volts was applied 
to the anode and the temperature of the cathode was gradually raised, it was 
found that the tube operated in a normal manner, the energy of the discharge 
being liberated at the anode and causing a heating of the anode, the walls of: 
the tube remaining relatively cold, receiving only heat that was radiated to 
them from the anode. Under these conditions the current between anode and 
cathode, because of the space charge and because of the negative charge which 
accumulated on the walls of the vessel, was limited to a comparatively small 
value. (2) If a switch in the circuit carrying current to the anode was opened 
and then immediately closed again, it was found that the characteristics of 
the discharge were entirely different. The current flowing to the anode was 
now much greater than before, but the heating of the anode was less than before, 
and the energy of the discharge was liberated in greater part on the walls of 
the vessel surrounding the space between two electrodes. 

It was found repeatedly that it was possible to change from one type of 
discharge to the other. With the second type of discharge there was a tendency 
for the vacuum to become poorer, as was indicated by a decrease in the electron 
emission from the cathode. These simple experiments, together with practical 
experience obtained in connection with the manufacture of Coolidge X-ray 
tubes and the exhaustion of a large number of thermionic devices, have indi- 
cated clearly that secondary electron emission from the walls of the glass under 
influence of bombardment is responsible for phenomena of this kind. 

In the second type of discharge the sudden application of the voltage to 
the anode causes some high velocity electrons to strike the walls of the vessel. 
These high velocity electrons cause the emission of large numbers of low velocity 
secondary electrons from the surface of the glass, so that the walls of the glass 
lose a larger amount of negative electricity than they received, and thus tend 
to become positively charged. The discharge therefore maintains itself, the 
electrons flowing from the cathode to the surface of the glass, thus causing 

‘the emission of other electrons which then pass to the anode. This discharge, 
of course, soon reaches a stationary condition in which the number of electrons 
emitted from the glass is equal to the number of electrons which strike the glass. 
The potential of the glass is then intermediate between that of the anode and 
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cathode, usually much more nearly that of the anode than that of the cathode. 
The fact that the glass surface, which has a large area compared to that of the 
anode, becomes decidedly positively charged with respect to the cathode, greatly 
increases the current-carrying capacity of the space between the two electrodes, 
in much the same way that a positively charged grid in a three-electrode device 
increases the current that can flow between the cathode and anode. 

When devices are made up in which the glass walls play even a more promi- 
nent part than in the tube that I described, for example, where the anode and 
cathode are separated to considerable distances and the vessel forms a rather 
long, narrow tube connecting the spaces around the two electrodes, the phe-- 
nomena due to secondary electron emission have a still more controlling effect 
on the characteristics of the discharge. The most striking difference between 
the characteristics of a tube of this kind and one in which secondary electron 
emission plays no part is that the walls of the tube become heated by the secon- 
dary electron bombardment, instead of the whole of the energy of the discharge 
being liberated in the form of heat at the anode. The bombardment of the 
walls of the tube and the resultant heating tend to liberate gas from the walls, 
so that if a tube of this kind is to have constant characteristics, particularly 
great care must be used in freeing the walls of the vessel from gases which might 
otherwise be evolved while the discharge is passing. 

Lilienfeld* has made an elaborate study of discharges taking place in high 
vacuum through long, narrow tubes connecting two bulbs, one of which is 
provided with a hot cathode, while the other contains an anode. He measured 
the potential drop between sounding electrodes placed in the tube about three 
centimeters apart. 

The energy of the discharge was consumed in heating the walls of the tube. 
This heating together with the fluorescence of the tube walls, and the uniform 
potential gradient along the tube prove that the discharge depended upon 
the emission of secondary electrons resulting from the electron bombardment 
of the walls. Lilienfeld, however, interprets his results as indicating that empty 
space is dissociated into positive and negative electrons by passage of current 
through it. By repeating Lilienfeld’s experiments, Dr. A. W. Hull and I have 
found that the characteristics are of just the kind that are to be expected as 
a result of secondary electron emission. No measurable discharge takes place 
in high vacuum with a tube like Lilienfeld’s until voltages above 1000 volts 
are applied between the anode and cathode. The current then begins suddenly. 
At much higher voltages the current increases about in proportion to the square 
of the voltage. This type of electron discharge is radically different from that 
in the pliotron or kenotron, where the electrons pass directly from cathode 
to anode and liberate all their energy at the anode in the form of heat. 


* Annalen der Physik. 32, 673 (1910); Leipsiger Berichte 63, 34 (1911); Annalen der Physik. 
53, 24 (1914). 
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Dr. A. W. Hull* has constructed a device called the dynatron, in which 
secondary electron emission from a metallic anode is made use of to produce 
a true negative resistance. 

The device consists essentially of a filament, a plate, and a perforated anode 
(or grid) located between the filament and plate. The anode being maintained 
at a positive potential of, say 200 volts, attracts the electrons from the cathode, 
but most of these pass through the perforations of the anode and strike the 
plate unless this is at too low a potential. If the plate is at a potential of over 
25 volts, some secondary electrons of low velocity are emitted and these pass 
to the anode. The emission of the secondary electrons thus decreases the cur- 
rent to the plate. When the plate voltage is raised to about 100 volts, the number 
of secondary electrons emitted is about equal to the number of primary elec- 
trons striking the plate, so that the plate loses about as many electrons as it 
gains, and the current falls to zero. With a further increase of plate voltage 
the number of secondary electrons exceeds that of the primary, so that the 
effect of the electron bombardment of the plate is to cause it to give up more 
electrons than it receives. Thus the current to the plate flows in the opposite 
direction to the applied potential, but under certain conditions is proportional 
to this applied voltage. Thus the plate circuit has a characteristic exactly like 
that of a negative resistance. 

This secondary electron emission is not normally of importance in the plio- 
tron, but under exceptional circumstances, as for instance, when very high 
grid potentials are used, the secondary emission from the grid may produce 
very remarkable results. Thus with very high grid voltages the grid current 
may reverse in direction, so that electrons flow from the grid to the anode. 
If there is sufficient impedance in the grid circuit the grid thus becomes still 
more positively charged until its potential approaches that of the anode. In 
high power tubes this may lead to extreme electron bombardment of the grid 
and undue heat production. Such effects are easily avoided by limiting the 
positive potentials of the grid to reasonable values. 


Volt-ampere Characteristics 


If we determine the volt-ampere characteristics of any two-electrode electron 
device or kenotron, over a wide range of voltages, including negative anode 
voltages, we obtain, in general, a curve consisting essentially of three parts: 

(a) A region in which the current is determined by the initial velocities 
of the electrons; (b) a region where the current is determined by space charge; 
and (c) the saturation region in which the current is determined by the electron 
emission from the cathode. The laws of variation of current with voltage and 
with temperature in these three regions are totally distinct from one another. 


* Phys. Rev. 7, 141 (1916); Proc. Inst. Radio Eng. 6, 5, (1918). 
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a) Current Limited by Initial Velocities 

With negative anode voltages the current varies with the voltage according 
to a law derived from Maxwell’s Distribution Law. 

In this region the current is dependent on the number and velocities of 
the electrons emitted and is therefore extremely sensitive to filament temperature, 

In applying Maxwell’s Distribution Law it is necessary to know exactly 
the shapes of the electrodes.* 

In the ideal case of parallel plane electrodes, the current should increase 
exponently with the voltage of the anode, that is, for each increment of voltage, 
the current should increase in the same ratio. Fig. 1 illustrates more clearly 
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the way that the current varies with the voltage. The curve A P is an exponen- 
tial curve. In this curve the anode voltage is plotted as abscissa and the current 
passing to the anode is given as ordinate. It is seen that this Maxwell’s Distri- 
bution Law is observed only with negative anode voltages. For each increase 
of 0.2 volt in the anode voltage the current increases by a little more than 
two-fold. 

If now, instead of plotting this curve as current against voltage, we plot 


the logarithm of the current against the voltage, we obtain a straight line as 
is shown by the line A P of Fig. 2. 

The slope of the line AP in Fig. 2 is not arbitrary, but can be calculated 
by Maxwell’s Distribution Law. The slope is inversely proportional to the 
temperature of the cathode. It is apparent at once that there is a very great 
advantage in plotting the volt-ampere characteristics over this range as in Fig. 2, 
that is, plotting the logarithm of the current instead of the current itself. 


* Sce Richardson, Phil. Mag. 16, 353, 890 (1908); 17, 813 (1909); 18, 681 (1909). 


Google 


Fundamental Phenomena in Electron Tubes _ 81 

The simplicity of the relationship denoted by the line AP in Fig. 2 is due 

to the fact that between parallel plane electrodes it is only the velocity compo- 

nent perpendicular to the surface which determines whether the electrons 

emitted from the surface of the cathode are able to pass to the anode. When 

the anode or cathode are not in the form of parallel planes their relationships 
are in general more complicated. 





With a small cathode which might practically be considered as a point, 
at the center of a spherical anode, it is evident that all the electrons striking 
the anode are moving in a direction perpendicular to the surface of the anode. 
Under these conditions it is not the velocity component in the given direction 
among the electrons escaping from the cathode which is important but rather 
the total velocity. This velocity is distributed according to a somewhat different 
law from that which applies to the velocity component, so that another form 
of Maxwell’s Distribution Law must be applied. 

By the dotted line B P in Fig. 2 it is shown approximately how the characteri- 
stics of a device in the region where the current is limited by the effect of initial 
velocities is modified by the use of electrodes which are not in the form of 
parallel planes. The exact shape of this curve depends on the shape of the elec- 
trodes, but in general the curve is horizontal where it meets the axis OP at 
the point P, and tends to be parallel to the line AP for the larger negative vol- 
tages. 

Schottky* has discussed in detail the characteristics of a thermionic device 
having a straight filament mounted in the axis of a cylindrical anode. He avoided 
complications due to the end effects in the cylinder by having two auxiliary 
cylinders placed at the ends of the main cylinder; he also avoided complications 
due to the potential drop along the filament by using a rotating commutator. 


* Annalen der Physik. 44, 1011 (1914). 
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He found that with currents of the order of magnitude of one tenth of a milli- 
ampere the experimental curves depart considerably from the theoretical curves 
because of the space charge effect. With currents as low as 10-* ampere this 
effect is, however, not appreciable. Where the effect is absent the curve is of 
the type shown by BP H of Fig. 2. 

The part of the curve represented by the horizontal line P H corresponds 
to the saturation current, and is therefore determined by the electron emission 
solely. Schottky finds that in general there is a transition curve such as that 
shown by TS H in Fig. 2, between the part of the curve where the current 
is limited by the effect of initial velocities and the part where it is limited by 
electron emission. 

With electron tubes which operate with currents of the order of milliamperes, 
the part of the curve in which the current is limited by the initial velocities 
is only a very negligible part of the whole curve. 


(b) Current Limited by Space Charge 

In the second region the current increases in proportion to the 3/2 power 
of the applied voltage, and is practically independent of the filament tempera- 
ture. In this range where the current is limited by space charge the relation 
between the current and the voltage is like that shown in Fig. 3. If instead of 
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plotting the volts and the amperes we plot the logarithm of the current against 
the logarithm of the voltage, or if we plot the current and the voltage on logarith- 
mic paper, we obtain a straight line as indicated in Fig. 4. The slope of this 
line is not arbitrary but is always 3/2, that is, for any given increment of the 
abscissae the increase in the ordinates is 1.5 times as great. It is readily seen 
that the law according to which the current increases with the voltage, as shown 
by Fig. 4, is very different from that which applies to the current limited by 
initial velocities (Fig. 2). In the latter case in order to obtain a straight -line, 
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the logarithm of the current was plotted directly against the voltage, whereas 
in the present case it is plotted against the logarithm of the voltage. Furthermore, 
it should be noted that in Fig. 4, which applies to space charge, the slope and 
position of the line are independent of the cathode temperature, while the 
slope of the line in Fig. 2 is inversely proportional to the temperature, and 
the position of the line is also affected by the temperature since the line must 
pass through the point P (Fig. 2) and the ordinate of this point increases in 
proportion to the electron emission. 


Current Limited by Electron Emission 
In the third region the current is independent of the applied voltage but 
varies with the temperature according to Richardson’s equation and thus increa- 
ses extremely rapidly with the temperature. 
The curve which represents the variation of current with voltage is thus 
a straight horizontal line. The current increases with the temperature very 
rapidly, as shown in Fig. 5. The ordinates represent the current and the tempe- 





Fic. 5. 


ratures are plotted as abscissae. This rate of increase with temperature is very 
much more marked than that shown in Fig. 3. Furthermore, the curve approa- 
ches the axis O X asymptotically and practically coincides with it for all tem- 
peratures below a certain value. Above that temperature it departs very rapidly 
and curves upward at a high rate. 

In Fig. 6 is plotted the same curve as that shown in Fig. 5, except that the 
logarithm of the current is plotted against the reciprocal of the temperature, 
so that we obtain a straight line.* 


* Strictly speaking, the logarithm of the current divided by the square root of the absolute 
temperature should be plotted in order to get Richardson’s equation. However, this square root 
term produces an effect that is hardly perceptible in any ordinary plot. 
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Let us now consider how the three types of characteristics just discussed 
combine to form the complete volt-ampere characteristic of an electron tube. 
With three-electrode tubes or pliotroris let us assume at first that the grid is 
connected to the anode. 
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With very low filament temperature, where the saturation current is of the 
order of a microampere or less, the space charge effect is practically absent. 
For negative anode voltages the current is thus determined by the initial velo- 
cities, while at positive anode voltages the current is saturated. The volt-ampere 
characteristics are thus of the type shown in Figs. 1 and 2. There is normally 
a transition curve as indicated by TS H in Fig. 2 between the region in which 
the current is (a) limited by initial velocities and that in which it is (c) limited 
by electron emission. ; 

When the filament temperature is raised so that the saturation current is 
of the order of milliamperes, the volt-ampere characteristics undergo a very 
fundamental change. The space charge then becomes the predominating factor. 
As an example, let us consider the characteristics of a kenotron having a cylin- 
drical anode one inch in diameter and two inches long with a tungsten filament 
of 0.005 inches diameter in its axis. 

The full line AB DEF in Fig. 7 gives the characteristics to be expected 
for such a tube when the filament temperature is 1980°K, giving a saturation 
current of 0.65 milli-amperes. The dotted line AP shows the limitation of 
current calculated from Maxwell’s Distribution Law. This curve corresponds 
exactly to the curve AP of Fig. 1. Thus, if it were not for the space charge 
effects the current would vary with the voltage according to a curve AP J F. 
As a matter of fact, if large negative potentials are applied to the anode so that 
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the current flowing is very small (of the order of 10-* ampere) the volt-ampere 
curve does actually follow accurately the curve AP, but as is seen by inspection 
of Fig. 7, the ordinates of the curve with such low currents are entirely invisible 
when plotted on the scale used in Fig. 7. 
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If the effects of initial velocities were wholly negligible no current would 
begin to flow until a positive potential is applied to the anode. The current 
would then increase according to Equation 5, that is, the current would increase 
in proportion to the 3/2 power of the voltages as shown by the curve OCH 
of Fig. 7, until the current is limited by the electron emission from the cathode. 
In other words, under these ideal conditions, the current increases according 
to the curve represented by the dotted line O C J and then follows J F repre- 
senting the saturation current. 

Actually, however, because of the initial velocities there is a certain current 
flowing to the anode even when the potential of the anode is zero. The current 
under these conditions is dependent not only on the initial velocities, but to 
an even greater degree on the space charge produced by the electrons flowing 
across the space due to their initial velocities. The actual volt-ampere character- 
istic is therefore of the type given by the curve AB DE F of Fig. 7. 

The deviations of the curve A B D from the curve O C H are due to initial 
velocities. The curve A B D theoretically follows the curve AP until a current 
of a few microamperes is reached: the curve then departs radically from the 
curve AP and takes the course indicated by A B and tends to approach the 
curve OC, or rather tends to become parallel to it, differing from it only by 
a value corresponding to a few tenths of a volt. 

Let us now consider the case where the filament temperature is fiieei, 
so that the electron emission from the filament is 50 milliamperes. This requires 
a filament temperature of about 2360°K, which is rather lower than the normal 
operating temperature of the filament on an ordinary tungsten lamp. 
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If we substitute in equation 5, 1 = 0.010 amperes per centimeter of length 
(corresponding to 50 milliamperes for a five-centimeter length) and place 
r = 1.25 centimeters and solve the equation for V, we find V = 90 volts. This 
indicates that a voltage of 90 volts is required to overcome the space charge 
effect when a current of 50 milliamperes is used, assuming the initial velocities 
of the electrons to be negligible. The volt-ampere characteristic is thus given 
by the curve ADF in Fig. 8. 
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The curve O D J H in this figure represents the 3/2 power relation calcula- 
ted from Equation 5.'For voltages above a few volts the volt-ampere characteri- 
stics of the device considered should follow the theoretical curve so closely 
that on the scale used for Fig. 8 the difference between the two curves would 
be hardly visible. If the filament temperature were so high that a large surplus 
of electrons was produced the current would increase indefinitely along the 
curve ODJH. Actually, however, since the filament at 2360°K emits only 
50 milliamperes, the current cannot increase above the line represented by P F. 

If the voltage on the anode is zero the effect of initial velocities is to cause 
some current to flow to the anode. This current is limited, however, mainly 
by space charge although it is larger than at lower filament temperatures. 

The curve corresponding to the distribution of the initial velocities of the 
electrons according to Maxwell’s law is represented in Fig. 8 by the dotted 
line AP, which corresponds exactly to AP in Fig. 1. For negative voltages 
on the anode of such magnitude that the current is of the order of micro-amperes 
or less, the actual volt-ampere characteristic represented by the line A D will 
theoretically approach the line A P, but of course currents as small as this repre- 
sented on the scale of Fig. 8 would give ordinates much too small to see. 

From the foregoing discussion it is clear that the volt-ampere characteristics 
of two electrode devices consist essentially of the three parts in which the cur- 
rents are limited respectively by (a) initial velocities of the electrons, (5) space 
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charge, and (c) total electron emission. However, over certain parts of the charac- _ 
teristic two factors may operate simultaneously. Thus there are transition 
curves like those shown in Fig. 2 by TS H, in Fig. 7 by AB and DEF, and 
in Fig. 8 by D E F. This latter form of transition curve, namely, that between 
the space charge and the saturation regions is the one that concerns us most 
directly in electron tubes. 'The extent or length of this transition curve depends 
upon several factors of which the following are probably the most important: 


Non-uniformity of the Field Around the Cathode 


In the case of a straight filament in the axis of a long cylindrical anode, 
the field around the cathode is greater at one end than at the other, because 
of the effect of the voltage drop along the filament. Thus as the voltage 
of the anode is gradually raised, the current from some parts of the cathode 
becomes saturated before that from other parts, and this effect tends to extend 
the range of the transition curve. A similar effect occurs in case the strength 
of field around the cathode is made non-uniform in any other way. Thus, 
if the filament is in the form of a V or W some parts may be closer to the 
anode than other parts. Or again, the gridlike effect of one part of the cathode 
or another part may cause differences in the field strength. 


Lack of Uniformity of Filament Temperature 


The cooling effect of the leads causes difference of temperature in the fila- 
ment and the current from some parts becomes saturated before that from 
other parts. This also extends the range of the transition curve. 


Heterogeneity of the Surface of the Cathode 


This effect, which has been discussed at length in connection with the 
electron emission from filaments, is of particular importance in affecting the 
transition curve between the space charge and the saturation regions. 


The Effect of the Grid in Pliotrons 


The action of the grid is to modify the effect of the space charge. A posi- 
tive charge on the grid partly neutralizes the space charge of the electrons 
and thus increases the current-carrying capacity while a negative charge has 
the reverse effect. 

In general, when the current is limited by space charge the electron cur- 
rent J depends on the anode voltage V, and the grid voltage V, according to 
the equation*® 

I= K (V,+kV,)3?? (6) 


* Langmuir, Proc. Inst. Radio Engs. 3, 278 (1915); Gen. Elect. Rev. 18, (1915). 
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Here K and k are constants depending on the construction of the electrodes. 

By taking the logarithm of this equation and differentiating we can readily 
find that the exponent » according to which the current increases with the 
anode voltage is 
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Thus, if the grid is at the potential either of the cathode or of the anode, 
the exponent is 3/2. The same is true if the grid voltage is increased in pro- 
portion to the anode voltage, V,/V, remaining constant. If, however, the 
grid voltage is kept constant while the anode voltage is varied, Equation 7 be- 
comes 
3 1 
"= DiTKVIV) - 


Thus, when the grid is positive with respect to the cathode the exponent 
n is less than 3/2 while for negative grid voltages n becomes greater than 3/2. 
Measurements of the characteristics of tubes show this relation clearly. A re- 
ceiving tube (pliotron) with zero volts on the grid gave for the exponent n 
the value 1.54. For a positive grid potential of 2 volts the exponent was 1.3 
while for a negative potential of two volts it was 1.9 and for ten volts it was 3.6. 

If the grid and the filament are of different materials there will be in 
general a contact difference of potential between them even when they are 
connected together. Thus, if the grid is of nickel and the cathode is of a ma- 
terial having a much higher electron emission (such as a Wehnelt cathode 
or thoriated tungsten cathode), the grid will have a negative potential with 
“respect to the cathode. The exponent should thus be greater than 3/2 if the 
grid. is connected to the cathode. In order to bring the grid to the same po- 
tential as the cathode, a positive electro-motive force should be applied to 
the grid sufficient to compensate for the effect of the contact potential. In 
the case of a nickel grid and a Wehnelt cathode this contact difference should 
be about 2.2 volts,* so that there should be a material effect on the exponent n. 


* The constant 5 of Richardson’s equation for a Wehnelt cathode (50 per cent B,O and 50 
per cent SrO) has been given by W. Wilson (Phys. Rev. 10, 79 [1917]), as approximately 
25,000 degrees corresponding to 2.14 volts. According to a method of calculation given by Lang- 
muir (Trans. Amer. Electrochem. Soc. 29, 165-166 [1916]), the probable value of 5 for nickel 
is 50,000 degrees, corresponding to 4.32 volts. The contact potential is the difference of these 
or 2.18 volts. 
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FILAMENTS 


With K. H. KIncpon as co-author 


Physical Review 
Vol. XXIII, 112 (1923). 


AS REPORTED before (Phys. Rev. 21, 380, 1923), caesium vapor forms a strongly 
adsorbed monatomic film of Cs on a clean tungsten filament. If the bulb con- 
tains Cs at a temperature of 30°C, the maximum electron emission from the 
Cs film on the filament is about 88 x 10-* amp. per cm?, and occurs at a filament 
temperature of 690°K. An increase in the pressure of Cs vapor enables the 
adsorbed film to be maintained at higher filament temperatures, and the maxi- 
mum emission increases about in proportion to the Cs pressure. Contamination 
of the filament surface by a trace of residual gas in the tube (such as CO) in- 
creases the maximum emission considerably. The increase in emission is parti- 
cularly conspicuous if a monatomic adsorbed film of oxygen is formed on the 
filament before admitting the Cs. The oxygen layer sticks to the tungsten up 
to about 1600°K, and acts as a binder for holding Cs on the filament surface. 
With a bulb temperature of 30°C the maximum emission from the Cs film is 
now about 350x10-* amp. per cm? and occurs at a filament temperature of 
1000°K. An electron emission of 0.38 amp. may be obtained by the expenditure 
of 1 watt in the filament. Similar effects are obtained by treating Mo or Th 
surfaces with oxygen and Cs. 
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Electrical World 
VoL LXXX, No. 17, 881, October (1922). 


THE RECENT tests at Rocky Point, L.I., using 20-kw pliotrons as a source 
of radio-frequency power have demonstrated the practical operation of high- 
power vacuum tubes. The Alexanderson multiple-tuned antenna was used, 
supplied by high-frequency current from six 20-kw pliotrons running in pa- 
rallel, and during a sixteen-hour test signals were transmitted to Nauen, Ger- 
many, and came in from there. These signals were in addition to those usually 
transmitted with the Alexanderson alternator. 

The tubes used in this test, like the ordinary vacuum tubes used for 
receiving radio signals, contain three electrodes, the filament, the grid and the 
plate, and to this extent they incorporate the principle first brought forward 
by De Forest. By the use of a very high vacuum and by special features 
of construction, ionization due to a gas residue is brought down to negligible 
value, and in this way it has been possible to develop pliotrons capable of 
operating at higher and higher powers. The present 20-kw tube marks simply 
one step in this development. The original De Forest audion operated with 
currents of at most a few milliamperes and at voltages of 30 or 40, so that 
the power which could be controlled was about 0.1 watt or 0.2 watt. By using 
the new principle of a pure electron discharge, independent of gas ionization, 
it was possible to develop tubes for transmitting purposes. These were used 
widely during the war for small- radio-telegraph and radio-telephone sets. 
Gradually tubes of 50 watts and 200 watts were developed, using tungsten 
filaments as cathodes and with plates of metallic molybdenum capable of 
operating at such high temperatures that they could dissipate by radiation rela- 
tively large amounts of power. During the last few years tubes of this type 
of 1 kw and 5 kw capacity have been developed. The molybdenum anodes 
in these larger tubes are of cylindrical form and operate at high temperatures 
so that they can radiate the heat through the transparent glass wall of 
the bulb. 

In going to larger powers it becomes difficult to make an anode of suffi- 
cient size to radiate the energy dissipated, and therefore resort has been had 
to watercooling the anode. In this way the glass bulb was avoided entirely 
except as a means of insulating the leads connecting the electrodes to other 
external circuits. The anode, instead of being inside of the tube, is made to 
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Fic. 1. Left: Exterior view of 20-kw tube with water-cooled plate. 
Right: Filament of 1000-kw tube compared to a 40-watt lamp. 
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Fic. 2. Internal details of the 20-kw radio-type tube. 
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be the envelope of the tube. This introduces several new problems, for it 
is necessary to make a vacuum-tight seal between the cylindrical anode of 
relatively large diameter and the glass tube through which the leads are 
brought. Furthermore, new problems arise in connection with maintaining 
sufficiently high vacuum in a metal container in which large amounts of energy 
are being dissipated. These and other similar problems have been worked out 
largely as a result of several years’ work on the part of W.C. White and 
H. P. Nolte. vy 

Fig. 1 is a photograph of the outside of the 20-kw tube, which has already 
been manufactured in relatively large numbers and is commonly known by 
the type number UV207. It is seen that the lower part of the tube consists 
of a copper cylinder of about 1.9 in. outside diameter and about 8 in. long. 
This is sealed to a large glass tube of about 2.75 in. diameter by means of 
a conical thin-metal portion consisting of copper-covered nickel steel, this 
material acting as a substitute for the very expensive platinum which might 
otherwise be used. The upper glass portion of the tube is about 10 in. long 
and serves merely to support and insulate the filament leads from the grid 
and anode. 

F'g. 2 is a photograph illustrating the interior construction of the tube. 
The cathode is a heavy tungsten filament of about 0.04 in. diameter bent in 
the form of a ‘‘W” supported on stout tungsten rods. It requires about 50 
amp. heating current at about 20 volts, thus consuming about 1 kw. The plate 
or anode operates at about 15,000 volts direct current with respect to the 
cathode. The outside of the plate cylinder is directly in contact with running 
water supplied at the rate of about 2 gal. to 3 gal. per minute. 


Overcoming the Space Charge Effect 


Because of the possibility of dissipating a large amount of power from the 
water-cooled anode it is possible. to make this anode relatively smaller —in 
fact, much smaller than is used in the 5-kw tube. This aids greatly in over- 
coming the space charge effect which is a feature limiting the efficiency of 
electron tubes. These 20-kw tubes have therefore a rather higher efficiency 
than the low-power tubes with molybdenum anodes. In the production of 
radio-frequency power these tubes give an output of 20 kw in an antenna with 
a plate efficiency of 75 per cent, the filament loss of 1 kw reducing the over-all 
efficiency to about 70 per cent. This is by no means the limit of the efficiency 
that these tubes can give. If used for lower frequency, considerably higher 
efficiencies may be obtained. 

_ The particular set-up used in the recent tests is illustrated in the diagram 
of Fig. 3. The power is supplied from a three-phase, 60-cycle, 22,000-volt 
line. Each phase is grounded through a reactor and is also connected to the 
anode of a water-cooled kenotron. These kenotrons are constructed just like 
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the 20-kw pliotrons except that the grid is omitted. The filaments of the ke- 
notrons are excited by an insulated filament transformer fed from 110-volt, 
60-cycle current. In the recent Rocky Point tests, carried out by co-operation 
between E. F. W. Alexanderson, C. W. Hansell of the Radio Corporation | 
of America, W. R. G. Baker of the radio department of the General Electric 


Power line 
22,000-Velt, 3 phase, 60 cycle 





Fic. 3. Set up for transatlantic radio tests, using 20-kw tubes. 


Company and H. J. Nolte and W. C. White of the research laboratory, three 
kenotrons were used for rectifying the alternating current supplied. The power 
from the kenotron outfit was smoothed out by a capacity C,, shown in the 
diagram. This direct-current power supply was further smoothed out by 
the choke coil Z,, or 50 millihenries. This direct- current power, ranging from 
10,000 volts to 15,000 volts, was then applied to the plates of six pliotrons 
operating in parallel. The grids of these pliotrons were excited by a master 
oscillator giving about 1250 volts and capable of delivering about 1.5 kw of 
high-frequency power. The grids were operated in parallel, each grid being 
provided with a grid leak and grid condenser. The connection to the antenna 
from the plate circuit was made by means of the condenser C,, which was 
tapped into the antenna circuit at a point in a series of condensers C,, con- 
necting the antenna with the ground. The antenna itself was connected to 
the condensers C, through the tuning coil ZL. The antenna was of the mul- 
tiple-tuned type which has been described by Alexanderson. 

In the tests recently made where signals were transmitted to Nauen the 
antenna current was about 310 amp., which is about one-half that used ordi- 
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Fic. 4. A 1000-kw power tube occupies little space. 
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Fic. 5. Busy developing the 1000-kw tube in the 
General Electric Research Laboratory. 
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narily with the Alexanderson alternator. No particular effort was made to 
obtain the full output of the tubes in these tests, and undoubtedly more than 
twice as much power will soon be obtained from a similar number of tubes. 
The tests have demonstrated on a larger scale what we have already known 
from laboratory studies of individual tubes, that these tubes are capable of 
thoroughly satisfactory operation with an output of about 20 kw. The fila- 
ment design is conservative, so that the life of the tubes should average se- 
veral thousand hours in actual operation. 

The practical utilization for radio purposes of these 20-kw tubes marks 
merely a step in the application of the basic principle of the pliotron. Since 
1912, when this development was first begun, the energy controlled by the 
three electrode tubes has been increased from the 0.1 watt or 0.2 watt of the 
original audion up to more than 20,000 watts, an increase more than a hundred- 
thousandfold. 

This has been accomplished as the result of a careful study of the funda- 
mental principles involved in the conduction of electricity through high vacu- 
um. The writer’s own work in this field was published in 1913 in the Physi- 
cal Review!, and the first work in applying this principle in the construction 
of vacuum tubes was described before the Institute of Radio Engineers early 
in 1915. In order to get large powers, of course, it has been necessary to use 
both larger currents and higher voltages than were originally used. This has 
been made possible by an understanding of the harmful effects produced by 
gas ionization and the discovery of means of avoiding these effects. 

Larger tubes than those rated at 20 kw are being constructed. A 100-kw 
tube of nearly the same type as the present 20-kw tube is now being develo- 
ped by W. C. White and H. J. Nolte and promises to be fully as successful 
as the present tube, in addition to having the advantage of somewhat higher 
efficiency. 

Another quite different type of tube, involving the principle of magnetic 
control proposed by Dr. A. W. Hull and called by him the magnetron, has 
been constructed by J. H. Payne. This tube, of which a photograph is shown 
in Fig. 4, consists essentially of a watercooled cylindrical anode 30 in. long and 
1} in. in diameter. In the axis of the anode is a tungsten filament 0.4 in. 
in diameter and 22 in. long. This filament is excited by current of 1800 amp. 
at 10,000 cycles, the filament excitation requiring about 20 kw. The magnetic 
field produced by this large heating current is sufficient to ‘‘cut off” the elec- 
tron current from the cathode to the anode during a portion of each half cycle 
of the current passing through the cathode, this action taking the place of that 
of the grid in the three-electrode tube. The electron current to the cathode 
is thus interrupted 20,000 times per second. By the use of properly tuned 


1 Phys. Rev. 2, 450, (1913). 
* Proc. Inst. Radio Engrs. September (1915). 
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circuits this can be used for the production of high-frequency power for radio 
or any other purpose. The particular type shown in Fig. 4 will supply 1000 kw 
of 20,000-cycle power at an efficiency of 70 per cent, operating with an anode 
voltage of 20,000 volts direct current. 

For radio purposes efficiencjes of 70 and 80 per cent are eminently satisfac- 
tory, but for other engineering purposes they are not so high as would be 
generally desired. Another line of development is therefore in progress, viz., 
the production of tubes of higher efficiency as well as tubes of larger output. 
The progress in this direction is more difficult and is apt to be slower than 
in the direction which has thus far seemed more important. There are two 
main causes of loss of power in vacuum tubes: the space-charge effect and 
the filament excitation. By use of higher voltage and in other ways it is possible 
to reduce the space charge loss very materially. 

The energy loss in heating the filament can be reduced to. one-tenth, or 
even less than one-twentieth, of that necessary with a pure tungsten cathode 
. by employing a ‘‘thoriated” tungsten filament under very special conditions 
which have been the subject of study during the last few years. 

The advantage of the thoriated filament is due to an adsorbed film of me- 
tallic thorium on the surface of the filament, this film consisting of a single 
layer of atoms. The thorium as fast as it evaporates off the surface is sup- 
plied by diffusion from the interior of the filament. In utilizing this effect 
a particularly high degree of vacuum is desirable, or at least the presence of 
those gases must be avoided which would oxidize or otherwise combine with 
the very thin film of thorium. For this purpose the vapors of various reducing 
materials, such as magnesium, or alkali metals, such as potassium substances 
containing carbon, have been used. Very successful results have been obtained 
in adopting this thorium filament in power tubes. At present the necessity 
of using this more efficient cathode is not very pressing, but with a future 
demand for high efficiency it will be possible not only to cut the energy nece- 
ssary for filament excitation down to a small fraction of what it now is, but 
at the same time the life of a cathode can be increased enormously, so that 

the practical applications of electron tubes of large power will certainly not 
be limited by an unduly short life. 

These developments will come gradually, for the practical construction of 
powerful tubes giving thoroughly satisfactory operation requires a great deal 
of development work. It would be rash, however, to predict the limitations 
of the ultimate use of vacuum tubes in the power field. 
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THE EFFECT OF SPACE CHARGE AND INITIAL 
VELOCITIES ON :THE POTENTIAL DISTRIBUTION 
AND THERMIONIC CURRENT BETWEEN PARALLEL 
PLANE ELECTRODES 


Physical Review 
Vol. XXI, No. 4, 419, April (1923). 


ABSTRACT 


Effect of space charge and cathode temperature on thermionic current and potential distribu- 
tion: —I. Case of parallel plane electrodes. (a) Current limited by space charge. The results obtain- 
ed by E. Q. Adams (unpublished), Epstein, Fry and Laue are discussed and summarized, certain 
errors are pointed out, and the equations are put in a form adapted to easy numerical calculation. 
Assuming the normal components of the velocities of the emitted electrons have the Maxwell 
distribution, the integration of Poisson’s equation between proper limits leads to a numerical 
relation between the new variables € = 2(x—x,,)[27°e%m/k®T*}'/. and 7 = eV—V,,)/kT, where 
%_, and V, give the position and voltage of the plane of minimum potential, and k is the Boltzmann 
gas constant. Denoting values at the cathode by the subscript I, and inserting values of constants; 
™, = log (i/t), where t, is the saturation current; V—V, = T(n—7,)/11,600; §&, = 9.180x 

10°7—*/ez"/(x—x,). These equations and the tables of &(n) for various values of 7 enable, for 
a given cathode temperature 7, the potential distribution for a given current i, or vice versa, 
to be computed. An approximate solution for the current is: 1 = [(2'/s/92)(e/m)'/«(V— V,_,)"/s/(x— 
%m)*}(1 + 2.667—*/*), which reduces to the usual three halves power law equation if we neglect 
Vm and xn and the correction factor in 7. (b) Equilibrium condition with anode at great distance, 
current zero. If the only retarding field is that of the space charge, the density of charge is: 
@ = kTo,/[(RT)'/s+-x(22e0,)'/s]* where 0, = ip[22m/kT]'/s. Except near the cathode this is ap- 
proximately equal to kT/2zex*: hence g is proportional to the absolute temperature of the cathode 
and inversely proportional to the square of the distance away. The potential gradient at the cathode 
is X, = [870,kT/e]'/:. Equations are also given for the case where an external retarding field 
Xoo is applied. II. In the case of concentric cylindrical electrodes, the current is: ¢ = (8'/s/9)(e/m)'/s [V 
—Vant+3/Veollog (V/AV,)})'s/r, where Vo is the initial energy of the electrons expressed in volts 
(3kT/2e), 7 is the radius of the anode, and A is a constant between I and 2, not yet experimentally 
determined. The deviations from the three halves power law are not more than one quarter as 
much as for parallel planes and amount to only about 3 per cent at 130 volts. 


THE EFFECT of space charge on the potential distribution near an electron- 
emitting plane cathode was calculated by Richardson! for the case where the 
opposing electrode is at infinite distance and the potential gradient at this 
second electrode is zero. The electrons were assumed to be emitted with velo- 


1 Phil. Trans. A201, 516 (1903). 
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cities distributed in accordance with Maxwell’s Law. Under these conditions 
no current flows between the electrodes. Child! and Langmuir® treated the 
case where current flows under the influence of an accelerating field insuffi- 
cient to cause saturation. Neglecting the effect of the initial velocities of the 
electrons they found that the current varied with the three halves power of 
the potential difference between anode and cathode and that the potential 
varied with the four thirds power of the distance from the cathode.® 

Schottky* made approximate calculations for the case of small currents, 
taking into account the effects of initial velocities. Laue* gives an exhaustive 
treatment of the case where one or more heated electrodes (parallel, planes, 
concentric cylinders, spheres, etc.) are in equilibrium with an electron atmos- 
phere, i.e., when no current flows. 

Epstein® gives a clear and complete treatment of the effect of initial velo- 
cities for parallel plane electrodes when the current is limited by space charge 
and tabulates a function by which these calculations are facilitated. Unfor- 
tunately Epstein has committed either an error or an oversight in the use of 
the Boltzmann constant k so that it becomes necessary to substitute 2k in 
place of each k that occurs in his equations in order to be able to use correctly 
the customary value k = 1.37x10-"* erg per degree. Since Epstein gives 
no numerical values of the constants in his equations, his unusual value for k 
must lead to error in all numerical calculations unless the whole laborious 
derivation is gone through. 


1 Phys. Rev. 32, 492 (1911). 

* Phys. Rev. 2, 450 (1913); Phys. Zeitschr. 15, 348 (1914). 

* Lilienfeld (Phys. Rev. 3, 364, 1914 and many subsequent papers) claims to have dis- 
covered the three halves power law in some of his work in 1910. A very careful study of 
Lilienfeld’s 1910 paper (Ann. d. Physik, 32, 674, 1910), made in connection with an Inter- 
ference before the U.S. Patent Office (Interference No. 40,380, Arnold os. Langmuir, Lang- 
muir Record, pages 352 to 395) shows that in Lilienfeld’s experiments the current did not 
even approximately vary with the three halves power of the voltage. The original data upon 
which Lilienfeld bases his claim are those given on page 698 of this 1910 paper. It there ap- 
pears that no current flowed until the difference of potential between the sounding electrodes 
was 102 volts. When this voltage was raised to 116 volts the current increased 17-fold or with 
the 22nd power of the voltage instead of the three halves power. 

Dr. A.W. Hull and the writer have constructed and studied a tube as nearly as possible 
identical with Lilienfeld’s tube of 1910, with the result that we have found that the type 
of discharge observed by Lilienfeld depends upon secondary electron emission from the walls 
of the narrow glass tubes under the influence of electron bombardment. Undoubtedly traces 
of residual gas are essential in starting the discharge, but it has not proved possible to stop 
the discharge by improvement of the vacuum. These experimental results are described in 
the Langmuir Record, p. 382. A discussion and summary have been published by the writer 
elsewhere (Gen. Elect. Rev. 23, 513, 1920). 

* Phys. Zeitschr. 15, 526 (1914); Ann. der Physik. 44, 1011 (1914). 

5 Jahrb. d. Radioakt. u. Elektronik 15, 205 (1918). 


* Ber. d. Deut. phys. Ges. 21, 85 (1919). 
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Fry! treats exactly the same problem as Epstein apparently without know- 
ledge of this earlier work and obtains essentially similar results. Fry’s equations, 
however, are expressed in very unusual nomenclature and this makes it not only 
difficult for others to apply his result but has caused Fry himself to commit ser- 
ious errors in all his numerical calculations. Thus 0, is defined (Ref. 1, p. 444) 
as the average velocity component of the emitted electrons normal to the surface. 
Nowhere does he state how this velocity may be calculated from the tempera- 
ture. As a matter of fact this kind of an average is totally different from those 
customarily used in the kinetic theory. Before coming to his final equations 
Fry replaces 0, by another quantity which is defined as the ‘‘potential change, 
V,, which would give to an electron an energy equal to the average energy 
of those shot out from the cathode’’. Now the ‘‘average energy’? of the electrons 
is not equal to the energy of an electron moving with the average velocity 0, 
nor is it four times this energy as is implied by the second of Fry’s equations 
on p. 449 (Ref. 1). The third equation is also in error probably due to confusion 
between the many possible kinds of averages. These errors are all easily avoided 
if the temperature is brought into the equations at an early stage. 

In the summer of 1913 at the request of the writer, Dr. E. Q. Adams under- 
took an analysis of the space charge problem, taking into account the initial 
velocities in accordance with Maxwell’s Law. He arrived at the complete 
and correct solution but unfortunately failed to publish his results. In view 
of the discrepancies which have occurred in the publications of Epstein and 
Fry, it seems desirable to summarize and compare the results of these three 
sets of calculations and to present the equations in a form adapted to nu- 
merical computation. At the same time it is worth while to correlate these 
with the equations developed by Richardson and Laue. No attempt will be 
made to give complete derivations of the equations for these are very satis- 
factorily given in the publications referred to. 


Case I. Current Limited by Space Charge* 

We will consider here the case treated by Epstein, Fry and Adams. Electrons 
are emitted in accordance with Maxwell’s Law from a plane cathode of infi- 
nite extent. The anode is a parallel plane surface at a positive potential (with 
respect to the cathode) such that the current is less than the saturation current. 

In accordance with the usual derivation of the Richardson equation, let 
us assume that each unit of volume of the metal contains N, electrons. Then 
Maxwell’s Law states that the number dN, of electrons in this volume having 
velocity components (in the direction of the x-axis) lying between v and v-+-dv is 


m _ ae 
_ 2kT 
dN, = Ms T® do. (1) 








1 Phys. Rev. 17, 441 (1921). 
* The nomenclature adopted is essentially that of Epstein except where confusion might 
arise because of a different meaning given to the same symbol by Fry. 


7 Langmuir Memorial Volumes III 
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Here m is the mass of the electron (9.01 x 10-** g); & is the Boltzmann con’ 
stant (1.372 x 10-"* erg per degree), and JT is the absolute temperature of the 
cathode. 

The form of assumption above, which is that made by Epstein, is open 
to the objection that it postulates knowledge that we do not possess of the 
internal structure of the metal of the cathode. The assumption however is 
mathematically equivalent to the following which is free from this objection 
and which has received a certain amount of experimental verification on the 
part of Richardson and others. Let N, be the number of electrons emitted per 
unit time per unit area from a plane surface. Then according to Maxwell’s 
Law! the number dN, of electrons emitted per unit time per unit area which 
have velocity components normal to the surface lying between v and v-+dv is 


ar 
dN, = Nizpe BF do. (2) 

If the current flowing to the anode is less than the saturation current (cor- 
responding to N,) it is evident that this must be due to a retarding potential 
gradient close to the surface of the cathode by which the more slowly moving 
electrons are forced back to the cathode. If the potential of the anode is 
positive, there must then be a surface between the cathode and anode at which 
the potential is a minimum. Using x as abscissa to measure distances in a di- 
rection normal to the cathode surface, we let x,, x, and x,, be the abscissas 
of the cathode, anode and the surface of minimum potential respectively. Sim- 
ilarly, if V is the potential at any surface represented by the abscissa x, 
then V,, V, and V,, are respectively the potentials of the cathode, anode and 
surface of minimum potential. 

‘ Let i) be the saturation current from the cathode obtainable by use of 
higher anode potentials. Electrons corresponding in number to #, are being 
emitted continuously from the cathode ever when the current is not saturateds 
but a certain fraction of them are then made to return by the retarding field. 
The actual current i which flows between cathode and anode consists of those 
electrons which are emitted with sufficient velocity components to enable 
them to move against the potential difference V, — V,,. 

By means of Equations (1) or (2) the following relation is obtained between 

i, t and V, — V,: 

av,—V,,) 

t=te “7 , (3) 
where e is the negative charge on the electron (i.e., 4.774 10-1 e. s. u.). 
The treatment of the problem by Adams, Epstein and Fry is based on 
the following facts. Between x, and x,, there are two groups of electrons, those 
moving away from and those moving back towards the cathode. Among the 





* See Richardson, Emission of Electricity from Hot Bodies, 1916, page 141. 
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former all velocities from zero tooo are present in accordance with Maxwell’s 
Law. Although each electron loses velocity as it moves through the retarding 
field, the average velocity of all the electrons at any place remains constant 
because the more slowly moving electrons are continually being sorted out 
and sent back to the cathode. Considering only velocity components normal 
to the surface, among the electrons returning to the cathode, we see that all 
velocities are not present, for the velocity acquired by the electrons at any 
place of potential V cannot exceed that corresponding to a fall through the 
potential difference V — V,,. Between x, and x, electrons are moving only 
away from the cathode. At any point of potential V the normal velocities 
may have any value above a certain minimum corresponding to a potential 
difference V — V,,. 

The above conditions regarding the distribution of velocities are taken 
into account by means of proper choice of the limits in the integration of 
Eqs. (1) or (2). . 

The first step in the mathematical treatment is to calculate the space charge 
or the electron density at any point by means of the integrations just referred 
to. Then by Poisson’s equation 

@V [dst = —4x0. (4) 


To determine the potential distribution, two more integrations must be car- 
ried out. The first integral can be expressed in terms of the Probability In- 
tegral, but the second requires the numerical calculation of a new function. 
In connection with these integrations it is necessary to choose values for the 
integration constants. For the first integration the conditions imposed are:. 


I. adVjdx=0 whn V=VD,; 
and for second integration: | 
II. V= JV, when x= X,. 


The first of these conditions makes it impossible to apply the resulting 
equations to cases in which there is no potential minimum between the cath- 
ode and anode. For example the potential distribution between two electrodes 
with a potential slightly greater than that needed to give saturation cannot 
be calculated by this method, for the condition I is not fulfilled. If in 
this case we impose the proper conditions for fixing the integration constants 
even the first integration cannot be performed. Similarly the equations result- 
ing from these calculations must not be used where the retarding potential 
gradient extends up to the surface of the anode. | 

Before carrying out the numerical calculations required in the second in- 
tegration it is desirable to reduce the equations to a form in which only pure 
numbers occur. This may be accomplished by introducing the new variables: 


n= e(V—V,)/RT, (5) 
E = 4(m/2kT)*4m'4 (ef)? (x—x,). (6) 


7 
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It is seen that 7 is a measure of the potential of any point with respect to 
that of the minimum potential surface, this potential difference being’ meas- 
ured in a new kind of unit. Similarly § measures the distance of any point 
from the minimum potential surface in units whose magnitude depends upon 
the current and the temperature. 

The quantities 7 and £ are the same as those represented by the same sym- 
bols by Fry although he expresses them in equations quite different from 
(5) and (6). Adams uses exactly the same variables in his calculations. Epstein 
puts his equations in slightly different form, using the variables t and G which 
are related to those used above as follows: 


t= tym (7) 
| Epstein adopts a different convention in regard to signs from that here 
used. He takes G always positive while we shall find £ to be of the same sign 
as x—x,. Epstein however takes t to be of the same sign as x—x,,. 
Epstein simplifies Eq. 6 by grouping together factors under the symbol 
L thus: 
L = 2(x/2kT)*!*m"4 (er)!!2. (9) 
Equation 6 thus becomes: 
& = 2L(x—x,). (10) 
By the introduction of the new variables 7 and & the second integration 
referred to previously takes the form 


n dn 
aad ae Se 
3 [ett PW V9] 
Here P represents the probability function so that 


(11) 


2 Va 
P(yn) =—= i; e-""dn. (12) 
ya J 

In Eq. (11) the upper or the lower signs are to be taken according as x—~x,, 
is negative or positive, respectively. 

When the relation between € and 7 has been found by Eq. (11) then Eqs. 
(5) and (6) contain the complete solution of the problem of the potential distri- 
bution between the electrodes in terms of the current and the temperature, 
etc. To make practical use of these results, however, it is necessary to prepare 
a table of the function £(7). Adams in 1913 calculated this function to about 
four figures while Epstein and Fry have given only rough values sometimes 
inaccurate to several per cent. Adams’s calculations have recently been repeated 
by improved methods and to a higher degree of accuracy by Miss Katharine 
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B. Blodgett. For small values of 7 the method given by Epstein (in which rt 
is-used as a parameter instead of 7) is much more convenient for calculating 
& than that used by Adams or Fry. For this reason values of ¢ corresponding 
to values of t from —0.8 to +-0:8 have been calculated by means of Epstein’s 
integral for intervals of 0.1 unit. These results are recorded in Table I. From 
these by interpolation, using Newton’s method, the values of ¢ corresponding 
to integral decimals of 7 have been calculated. For ordinary use it is more con- 
venient to use a table containing as a function of 7 rather than of t, since 7 
is proportional to the potentials measured from the minimum potential surface. 
For purposes of interpolation for small values of 7 or t, however, the table 
having t as a parameter is more accurate. 


TABLE I 


E in Terms of t 


r | — | +é t | vr +6 
0.0........ 0.00000 0.00000 | 1. 0.90283 1.09092 
Olisskdin: 0.19621 0.20372 LO isieccze eas 1.05917 1.33009 
(iy Saar ae 0.38476 | 0.41482 iy Se aeer 1.20714 1.57591 
[| i ee 0.56547 0.63315 0.8....... 1.34659 1.82830 
0:4 82.0% es 0.73821 0.85857 


The final values of § as a function of 7 are given in Table II. These data 
are believed to be accurate to the number of figures given, as they have been 
calculated to two extra decimal places and have been checked by using both 
Simpson’s and Weddle’s rules in evaluating the integral of Eq. (11). 

For large values of 7 the function § has been calculated by a series expan- 
sion. 

The following expression for negative values of § is accurate to one unit 
in the fifth decimal place for all values of 7 greater than 3.0: 


1 
—n/2 -1 rf] —3n/2 
& = — 2.553894 f2e ""— 0.0123 € tT Vi (\/2+ i)e ; (13) 


For positive values of § Adams obtained the following series which is accurate 
to one unit in the fourth decimal place when 7 is greater than 8: 


& = 1.25520n*/4+ 1.668547"/4—0.50880—0.16777-2/4+-0.14417-*/4 
—0.0145-5/4—0.0697-7/4+-0.0367-*/4+-0.0837-4/4, (14) 


The coefficient of the first term is equal to (2/3) /2x/* so that as a first 
approximation for large values of 7 we have 


E = (2/3) yale, (15) 
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Tass II 
&€ in Terms of 7 
€ is always of the same sign as x—x,_, 


| -é 





2.4990 
2.5512 
2.5206 
2.5280 
2.5382 


2.5481 
2.5504 
2.5518 
2.5526 
2.5531 
2.5534 
2.5537 
2.5538 
2.5539 


2.5539 








7.1924 
7.5345 
7.8690 
8.1963 
8.8323 
9.4465 
10.0417 
10.6204 
11.1845 
11.7355 
12.2747 
12.8032 
13.8313 
14.8260 
17.1931 
19.4253 
21.5522 
23.5939 
25.5643 
27.4740 
31.141 
34.642 
38.007 
41.258 
44.412 
59.086 
72.479 


119.185 
140.068 
159.885 
178.861 
197.146 
214.850 
232.054 


By substituting this in Eq. (6), squaring, combining with Eq. (5) and neglect- 


ing V,, and x,, compared with V and x, we obtain 


_ y2./e ve 


‘on V ma 


(16) 


which is the usual three halves power law equation as derived by Child and 


Langmuir. 
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If we take into account the second term in the expansion of (14) and con- 
sider that V,, and x,, are not negligible, we obtain 


= (V—YD,, yf 42: 66 | 

i= 7 ye ee gr = io. (17) 
Numerical Calculations.— In applying the foregoing results to the numerical 

solution of problems we proceed as follows: 


By combining Eqs. (3) and (5) we obtain 
= log, (18) 


where #, is the saturation current and 7 is the actual current between anode 
and cathode. This gives the value of 7 corresponding to the surface of the cath- 
ode. 
Let us now place in Eqs. (5) and (9) the values of the constants 
e = 4.774 x 10-" c.g.s. units; k = 1.372x 10-* erg/degree; m = 9.01 x 10-* g. 
Then if we express V in volts, we find e/k = 11,600 degrees per volt. By 


applying Eq. (5) first to the surface of the cathode and then to any other point 
we find 


V—V, = T(n—n,)/11,600. (19) 
If we express ¢ in amperes, then Eq. (9) becomes 
L = 4.590x 10°74 V5 cm. (20) 


By applying Eq. (10) first to the surface of the cathode and then to another 
point we obtain, by subtraction, 


2L(x—x,) = €—£. (21) 
These last four equations together with the relation between £ and 7 given 
by Table II furnish the complete solution of the problem of the potential distri- 
bution and the magnitude of the current between parallel planes. Knowing 
the saturation current and choosing a value of the current ¢ we find 7, from 
Eq. (18) and ZL from Eq. (20). From the table we now look up the value of —§ 
corresponding to 7, and call this value —é,. If we wish to measure distances 
and voltages from the surface of the cathode, then V, and x, become zero. 
By choosing any value of x we then find € from Eq. (21) and from the table 
obtain the corresponding value of 7. Eq. 19 then gives the voltage at this point. 
If it is desired to use the approximation formula (17), the value of V,, is 
found from Eq. (19) by placing V, = 0 and 7,, = 0 thus 


V, = —Tn,/11,600 (22) 


in which 7, may be found from Eq. (18). 
Similarly from Eq. (21) we find 


x, = —§1/2L, (23) 
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in which —é, is a number (always less than 2.56) found by the table from the 
corresponding value of 7, and L is obtained from Eq. (20). The quantity 7 
according to Eq. (19) is then 
n = m+(11,600V/T). (24) 
As an illustration let us take the example considered by Fry, of a surface 
of tungsten at 2400°K capable of giving a saturation current of 0.16 amp. per 
cm?, The anode is a parallel surface at a distance of 0.5 cm. From Eq. (20) 
we find L = 1339. Taking the cathode as origin we then obtain’ from Eqs. (19) 
and (21) for the surface of the anode at x, = 0.5, 


V = 0.207(y—n,), (25) 
o = €, 4133977. (26) 
Tasie III 
Current between Parallel Plane Electrodes 0.5 cm Apart 
A SES A OOS es NR Aa pS ens nm, Aree Pr NP OR El I 


0.001 | 0.00016 | 6.908 | —2.509 | 14.4 19.2 2.5 | —1.43 | 0.074 4.22 | 4.30 
0.01 | 0.0016 | 4.605} —2.411 | 51.2] 122.4 24.4 | —0.95 | 0.0224 | 1.424| 1.44 
0.1 0.016 2.303 | —2.094 | 167.3 | 638.6 | 131.6 | —0.48 | 0.0062 | 1.134] 1.138 
1.0 0.16 0.000 | —0.000 | 535.6 | 3,117.4 | 645.0} 0.00} 0.0000 | 1.045 1.048 





Taking the current i to be a decimal fraction of the saturation current i) as 
indicated in the frist two columns, 7, is calculated by Eq. (18) (Col. 3). From 
this, , (Col. 4) is found from Table II, keeping in mind that , must be nega- 
tive since at the cathode x is zero and therefore less than x, From Eq. (26) 
the value of &, is found (Col. 5) and then 73 (Col. 6) by Table II. The voltage 
given in Col. 7 is that of the anode with respect to the cathode calculated by 
Eq. (25) from 7, and 7,. Col. 8 gives the potential of the minimum potential 
point with respect to the cathode, calculated by Eq. (22), while x,, (Col. 9) 
is the distance of this point from the cathode calculated by Eq. (23). 


1 Fry obtains equations of this form but gets the coefficients 0.3 and 1010 instead of 0.207 
and 1339. These differences are due to two errors arising from confusion of different kinds 
of averages. The average velocity of the emitted electrons which Fry denotes by @» is actually equal 
to (xkT/2m)'! but if we substitute this in Fry’s equations we get different equations from those 
obtained here. The potential change V, is defined as that ‘“‘which would give to an electron an 
energy equal to the average energy of those shot out from the cathode’. This average energy 
as Richardson has shown is 2kT whereas if we substitute the value of 7 in the second equation 
on page 449 of Fry’s paper we find that his value for the average energy is kT. The third equ- 
ation on the same page is also wrong for the exponent has the value V’e/nkT whereas it should 
be V’e/kT. On page 450 Fry states that the value of V, for tungsten at 2400°K is 0.3 volt. This 
corresponds to the value (3/2)kT' which is the average energy of the electrons in a given volume 
and not the energy of the electrons passing through a given surface (2kT). 
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Col. 10 gives data for comparing the results of these calculations with those 
obtainable from the ordinary three halves power law. When i and V in Eq. (16) 
are expressed in amperes and volts and the values of e and m are introduced, 
the equation takes the form 


i, = 2.336 x 10-*(V,2/2/x2) amp./cm?. (27) 


We thus denote by #, the current calculated in this way from the corresponding 
value of voltage given in Col. 7 (V). The ratio i/i, of the actual current i (Col. 2) 
to that given by the three halves power law, Eq. (27), is tabulated in Col. 10. 

Col. 11 illustrates the degree of accuracy of the second approximation equa- 
tion (17). Let us denote by #, the currents calculated by Eq. (17) from the cor- 
responding values of V, (Col. 7). Col. 11 contains the ratios of %, to i;. The 
close agreement between Cols. 10 and 11 shows that the currents calculated 
by Eq. (17) are very nearly equal to the actual currents ¢. The figures in Col. 11 
give directly the factor by which the currents calculated by the ordinary three 
halves power law should be multiplied in order to obtain the results that could 
be got from the better approximation of Eq. (17). 

The deviations from the three halves power law indicated in Col. 10 are 
very much less than those calculated by Fry from the same data. Fry states 
in his conclusion that the errors in current involved in the use of the three 
halves power law (in the example here considered) ‘‘may be close to 50 per 
cent for voltages as high as 40 or 50 volts”. Performing calculations like those 
involved in Table III shows, however, that the actual current at an anode vol- 
tage of 50 is only 27 per cent larger than calculated by the three halves power 
law. 

The deviations are however rather large and would be very important if 
space charge phenomena are to be used for the determination of e/m. It must 
not be thought that the deviations are as large as this in the case of cylindrical 
electrodes. The measurements made by Dushman! of electron currents, limi- 
ted by space charge, from a wire to a concentric cylindrical anode, are quite 
incompatible with deviations as great as those indicated by Table III. 

Schottky? pointed out that the correction of the three halves power law 
for cylinders must be much smaller than for parallel planes. The term corre- 
sponding to x,, should vanish since it could only change the effective diameter 
of the cathode and this diameter does not enter the equation for cylinders. 
The term containing V,, should remain subtracted from the anode voltage 
as in the case of parallel planes. 

The effect of initial velocities on the current between cylinders will be most 
marked near the anode where the field is weakest. The space charge at any 
point will be reduced approximately in the ratio [((V/(V-+V)]/*, where V is 
the voltage at the point and V, is the voltage corresponding to the average 


1 Phys. Rev. 4, 121 (1914). 
* Physik. Zeitschr. 15, 624 (1914). 
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initial energy of the electrons in a radial direction. Substituting this corrected 
space charge in the differential equation and considering that the correction 
is small we are enabled to obtain an approximate equation for the effect of 
initial velocities on the current between concentric cylinders. This equation is 


BBY ar—roveoeJT [mos 


where is the current per unit of length, V is the potential of the anode, V,, is 
the potential at the minimum potential surface (given as before by Eqs. (22) 
and (18)), r is the radius of the anode, f is a constant nearly equal to unity and 
A is a numerical constant whose value probably lies between 1 and 2 and must 
be determined by experiment. Even without knowing the exact value of A the 
magnitude of the corrections may be estimated from this equation. The average 
kinetic energy component normal to the surface among the electrons leaving 
a surface is kT while each component parallel to the surface is }k7. In the 
case of a small wire in a large cylinder not only the normal component but 
the component tangent to a cross section of the cathode wire will be effective 
in producing radial velocity components. Therefore the average radial energy 
component is (3/2)kT, 

Vy = (3/2)kT/e = T/7733 volts. (29) 


If V and V,, in Eq. (28) are expressed in volts, r in cm, and ¢ in amp. per 
cm, then the coefficient in Eq. (28) becomes 14.68 x 10-. 

As an example comparable with that illustrated in Table ITI, let us consider 
a tungsten filament 0.25 mm in diameter, at 2400°K, in the axis of a cylindrical 
anode, 1 cm in diameter. If the electron emission at this temperature is 0.16 amp. 
per cm?, the saturation current i between cathode and anode is 0.0126 amp. 
per cm of length. According to Eq. (29) we find that V, = 0.31 volt. To find 
the anode voltage at which the current becomes saturated, we place V,, = 0 
in Eq. (28) and solve for V. If we assume that 8 = 1 and A = 1, we find V = 
= 55 volts. The current calculated from Eq. (28) is 5 per cent greater than if 
calculated from the ordinary three halves power law neglecting initial veloci- 
ties. This correction is several times smaller than that applying to parallel planes 
as given in Table ITI. 

In order to compare the corrections at voltages of 24.4 and 131, which were 
used in Table III, we must carry out the calculation at higher currents so that 
saturation does not occur. If the filament temperature is raised to 2540°K, 
the saturation current will be 0.045 amp. per cm and the saturation voltage 
will be 131. The current calculated by Eq. (28), taking A= 1 and f = 1, is 
then 1.033 times greater than by the ordinary three halves power law whereas 
by Table III the ratio is 1.134 for parallel planes. Thus the correction for initial 
velocities for cylinders is about one fourth as great as for planes. A similar 
result is obtained for an anode voltage of 24.4. We then find V,, = —0.53 volt, 
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and by Eq. (28), ¢ = 0.004 amp. per cm, this calculated current being 1.12 
times as great as by the three halves power law, while Table III gives 1.424 
for planes. If we had taken A = 2 instead of 1 the corrections for cylinders 
would have been about one fifth those for planes instead of one fourth. 

Experiments are now in progress to measure accurately the relation between 
the voltage and the current in cylindrical anode tubes so as to test Eq. (29) 
and determine the number represented by 4.1 


Case II. Condition of Equilibrium (Zero Current) Without 
External Field (Richardson-Laue) 


Consider a plane cathode with the opposing plane anode parallel to it but 
at an infinite distance from it, and let the potential of the anode be such that 
there is no potential gradient near the anode. Under these conditions we shall 
see that the anode is at an infinite negative potential so that no current flows 
between the electrodes. This condition may be approached in Case I if we 
increase the distance between the electrodes and if we make the anode potential 
such that only a very small current flows. The potential distribution near the 
cathode then becomes close to that calculated by the method we shall now con- 
sider. However the method of Case I involves difficulties when the current 
is a very minute fraction of the saturation current, for n, by Eq. (18) becomes 
very large, and thus ¢, (by Table II) becomes almost exactly equal to —2.5539, 
while L, by Eq. (20), is close to zero. When it is attempted to calculate the 
potential gradient near the cathode by Eqs. (19) and (21), the Eq. (21) is found 
to become nearly indeterminate and therefore unsuitable for this calculation. 
The equations given below are then more convenient. 

Since we are, dealing with equilibrium conditions, the distribution of electrons 
is given by Boltzmann’s equation 

Ve 


e=oe7, (30) 


where g, is the electron space charge at the surface of the cathode, and g@ is 
the space charge at any point whose potential with respect to the cathode is V. 
Substituting this value of @ in (4) (Poisson’s equation), integrating twice, and 
imposing the condition that dV/dx = 0 when x = K, we find 


ore at log % oe (ea |, (31) 


where x, is an integration constant. This is essentially the equation obtained 
by Laue. 


The space charge g, may be calculated from Eq. (2) by integration by con- 
sidering that dN,/o is the number of electrons per unit volume having velocity 





2 See Note at end of paper. 


Google 


108 Effect of Space Charge and Initial Velocities on Potential Distribution 


components between vw and (v-++dv) and by noting that the saturation current 
ty is equal to eN,. Thus we find 
Q1 = t)(2am/kT}?. (32) 
We shall find it more convenient to use the same nomenclature as in Case I. 
Let us denote by L, the value of LZ calculated from Eqs. (9) or (20) by placing 
i = %). Using this we can eliminate #, from (32) and obtain 
Q1 = (kT /ne)L5. (33) 
The integration constant x) in Eq. (31) can be eliminated if we measure 
x and V from the surface of the cathode, for then V = 0 when x = 0. Substi- 
tution of the value of 0, from Eq. (33) into Eq. (31) gives 
Sie 
. y2Lex=e *7—1. (34) 
From Egs. (30) and (34) we may eliminate the exponential term and obtain 
a convenient expression for the space charge at any point: 


@ = ai/(V2L_x+ 1). (35) 
When x is very large compared to 1/L, so that the term 1 in the denominator 
may be neglected, Eqs. (33) and (35) can be combined to give the simple rela- 
tion 
o = kT/2nex2*. (36) 
Thus, except very close to the cathode, the electron density is independent 
of the material of the cathode, is proportional to the temperature and ts inversely 
proportional to the square of the distance from the cathode. 
Eq. (34) can also be obtained as a limit for Case I for large negative values 
of . Taking only the first variable term in the expansion (13). we find 


f= 2(eM-—e™). (38) 
From Eqs. (9) and (18) 
DI? = Lie-, (39) 
Placing x, = 0 in Eq. (21) and combining with Eqs. (38) and (39) we find 
y2Lox _ emi? __ 4 : 


which becomes identical with (34) when we substitute the value of 7—7, from 
_ Eq. (5). 
The potential gradient dV/dx at the surface of the cathode, which we may 
call X,, is found by differentiating (34) to be 
X,=-2y2°=1,. (40) 


As an illustration of the use of these equations, let us consider a large flat 
tungsten surface at 2400°K in a large glass bulb. The conditions then corre- 


Google 


Effect of Space Charge and Initial Velocities on Potential Distribution 109 


spond closely to those assumed in Case II. With Fry we may assume the satu- 
ration current obtainable from the tungsten to be 1, = 0.16 ampere per cm’. 
Substituting the values of e, m, and L, in Eq. (40) as in Eqs. (19) and (20) we 
find | 
X, = —111.92T* ji, volts per cm, (41) 

which in the example considered gives X, = —314 volts per cm. This is the 
electric field at the surface of the cathode due to the space charge of the electron 
atmosphere near the cathode. 

Placing T = 2400 and i, = 0.16 in Eq. (20) we find ZL, = 535 per cm, 
which enables us to solve Eq. (34) for V, giving — 


V = —0.95 logis (758x-+-1) volts. 
The voltages calculated from this for several values of x are given in Table IV. 
TasLe IV 


Potential Distribution and Electron Density near a Tungsten Cathode at 2400°K, 
without External Field 


Distance from Potential Electrons 

cathode, cm (volts) ub 2: ee cm? 
OD vwiisutpiveccieeneetaes 0.00 1.32x 10" 
ONG i corn sessions —0.03 1.14x 104 
ODOT coi acceaceunsdsxsaess —0.23 4.26x 10%° 
OO icisusaacd comune ouas — 0.88 1.79x 10° 
8 Pee eer ie —1.79 2.23 x 10 
Lip vésnwskcewannsadineces —2.74 | 2.28x 10° 
1G oss rersnds Sete ih x ceeian —3.69 | 2.29x 10° 


The space charge 0, at the surface of the cathode is found from Eq. (32) 
to be 
0, = 19,260%/)/T e.s.u. per cm?, 


when 4, is expressed in amperes per cm’. Inserting the values of ¢, and T gives 
¢, = 62.8 e.s.u. per cm, or 1.315 x 10" electrons per cm®. The electron den- 
sities for other distances from the cathode calculated by Eq. (35) are given 
in the last column of Table IV. 


Case III. Condition of Equilibrium (Zero Current) With Retarding Fields 


Consider an electron-emitting plane surface (cathode) and a second parallel 
plane electrode (anode) at a great distance. Let the anode be at such a large 
negative potential that the electrons are pressed back against the cathode so 
that only a negligible number pass beyond a certain distance from the cathode. 
Beyond this distance there is a uniform potential gradient which we may repre- 


Google 


110 Effect of Space Charge and Initial Velocities on Potential Distribution 


sent by X,.. Laue has given the solution for the potential distribution in the 





form 
Ve Xe (Xx—Xo) | X% € 
— ET ='° og|sinb aT | log SnkTD, (42) 
If we put 
X, = —(8xkTp,/e)"”, (43) 
Eq. (42) can be transformed into the more convenient form 
wpa [Xeo wee) op a Xeo Xoo ex 
sates et —snt 92) = ve 


It should be noted that the X, defined by Eq. (43) is the same as that given 
by Eq. (40), as can be readily proved by substituting the value of L, from Eq. 
(33) into Eq. (40). For values of X,, so small that only the first term in the 
series expansion of sinh~’, is needed, the above equation reduces to Eq. (34) 
of Case II after the value of X, from Eq. (40) is introduced. 

By differentiation of (44), the potential gradient dV/dx at the surface of 
the cathode, which we may call X,, is found to be 


; Xx, ii XY+-X%.. 

These equations lend themselves readily to numerical calculations. The 
value of X, is found from Eq. (41) and it is then only necessary to place e/k = 
= 11,600 degrees per volt in Eq. (44), in order to calculate the potential distri- 
bution. 


1 Note added Jan. 8, 1923. Recent mathematical analysis shows that an error was made in 
the calculation of B in the writer’s paper on space charge (Phys. Rev. 2, 450, 1913, and Physsk. 
Zeitschr. 15, 348, 1914), in which 8 was found almost exactly equal to unity for all cases where 
the radius of the anode (r) is more than twenty times that of the cathode (a). The following 
table gives the new values of * for several values of r/a. 


rla | B ria | & | ria | B 
yf Seer 0.8870 16.0 | 1.0513 121.5 1.0722 
BD. cceass 0.9252 20.09 1.0718 221.4 1.0531 
"OD i desea 0.9547 29.96 1.0908 735.1 1.0225 . 
10.0....... 0.9782 44.70 1.0945 2440 1.0064 
bE eee 1.0122 66.69 1.0889 22,026 0.9990 


The function approaches unity in a series of oscillations of decreasing amplitude. The agreement 
observed by Dushman between experiment and the ordinary space charge equation for cylinders 
(taking 6 equal to unity) was due to two compensating errors. The corrections corresponding 
to the terms containing Vand V, in Eq. (28) amount to 8.1 per cent at 35 volts on the anode, 
5.0 per cent at 75 volts and 3.5 per cent at 130 volts (assuming A = 1). The correction due 
to 8%, which should have been put equal to 1.079 instead of unity, is 7.3 per cent in the op- 
posite direction. In the range from 35 to 90 volts the currents calculated with these two cor- 
rections agree with Dushman’s observations within the experimental error. At 130 volts the 
observed current was about 4 per cent higher than that calculated. This may have been due 
to a trace of ionization of residual gas. 
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A NEW PHOTO-ELECTRIC EFFECT: REFLECTION 
OF ELECTRONS INDUCED BY LIGHT 


Science 
Vol. LVIII, No. 1507, 398, November; (1923). 


A sTupy of some vacuum tubes containing caesium vapor has shown a peculiar 
photo-electric effect. The action of white light on an adsorbed film of caesium 
on nickel seems to cause this surface to reflect elastically electrons which are 
made to impinge on it. The number of electrons that can be thus reflected is 
proportional to the intensity of the light 

Two nickel cylinders, B and C, open at the ends, were mounted end to end 
along the same axis, being but slightly separated from one another. Inside of 
cylinder B was a small tungsten filament A, used as a source of ‘‘primary” 
electrons. The tube containing these electrodes was exhausted to a high vacuum 
and some caesium was distilled into it before sealing off. Because of the ad- 
sorbed film of caesium on the tungsten, electron currents of convenient magnitude 
(50 micro-amperes) could be obtained at filament temperatures below a red 
heat (Langmuir and Kingdon, Science, 57, 58 (1923)). 

By placing a 200-watt Mazda lamp near the tube, so that some light entered 
the open end of cylinder C, photo-electric effects of two kinds were observed. 
The first was the normal photo-electric effect due to an adsorbed film of caesium 
on the cylinders. If either cylinder was made 40 volts or more negative with 
respect to the other, a current of electrons of a fraction of a micro-ampere pass- 
ed from the negative to the positive cylinder under the influence of the light. 
By varying the voltage on the lamp it was found that this photo-electric current 
was proportional to the intensity of the yellow component of the white light 
(6000 A). The photo-electric current was only cut down to about 1/10th by 
interposing a piece of deep red glass. 

The second effect produced by light was observed only when B and C were 
both at positive potentials with respect to A and the filament A was heated 
sufficiently to emit electrons. The effect was manifested by an electron current 


[Eprror’s Note: Published in abstract form, Phys. Rev. 23, 112 (1923). Langmuir showed 
later that the phenomena described here were due to electrostatic effects of thin films of alkali 
metals on the glass walls whose potential was altered by photoelectric emission.] 
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flowing to C (through the space) which could not be accounted for by the nor- 
mal photo-electric effect and which continued to flow to C even when the po- 
tential of B was much higher than that of C. 





Typical Photo-Reflection Data 
Tube at Room Temperature 
Eg = 100 volts Ex = 60 volts I, = 21.8 micro-amperes 
Current | Normal Photo 
Volts | Light ! to C | photo effect _—Reflection 
re ; intensity | (micro- |  (micro- (micro- 
ss ) | amperes) | amperes) amperes) 
VL | L | Ig | Ix ' A 
| : 

0 0 | 0.14 | 0.000 0.00 
40 5 0.18 0.000 0.04 
50 18 0.28 l 0.001 0.14 
60 50 0.52 0.002 | 0.38 
70 98 | 0.87 0.005 0.72 
80 172 1.21 0.010 1.06 
90 ! 266 1.26 0.016 1.104 

100 385 1.28 0.024 1.116 
110 3 540 1.30 0.037 1.123 
120 | 730 | 1.32 0.055 1.125 
130 960 ! 1.36 0.103 1.12 
140 


1200 1.39 0.130 | 1.12 





Typical data illustrating this effect are given in the table. The cylinders 
B and C were maintained at potentials of 60 and 100 volts respectively, these 
being measured from the filament A. This filament was heated to such a tempe- 
rature that the emission from it was 21.8 micro-amperes. 


Since this total emission was always uninfluenced by the amount of light 
entering the tube, the observed effect is not due to any variation in the elec- 
tron emission from the filament. The light, however, did cause a change in 
the distribution of the current between the two cylinders, as indicated by the 
data in the third column, which gives the current to the cylinder C. In the 
absence of light a current of only 0.14 micro-amperes of electrons flowed to C, 
while the remainder flowed to B. This small current to C was, however, due 
to electrons reflected from the surface of B rather than electrons coming directly 
from the filament. 

The first column gives the voltage applied to the Mazda lamp whose rated 
voltage was 120. The second column gives in arbitrary units the relative light 
intensity of wave length 5300 A, calculated from the filament temperature 
by Wien’s law for radiation. 
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It is seen that the current to C increased with the intensity of illumination 
at first rapidly, but then approached a nearly constant limit. A part of this 
current, however, is due to normal photo-electric current. Column 4 gives 
the current I, to the electrode C, due to this normal effect. This was observed 
by lowering the filament temperature to any point lower than that at which 
it ceased emitting electrons. 

Column 5 contains the quantity A = I,—0.14—I,, which is that part of 
the increase in current to C which ts caused by light and which can not be account- 
ed for as a normal photo-electric effect. 

This increase in current A varies at first in proportion to the light inten- 
sity L, but then becomes constant while the light intensity increases from 385 
to 1200. 

A large number of such runs were made with this tube, varying such factors 
as the voltages on B and C, the temperature of A, and the bulb temperature, 
and, therefore, the vapor pressure of caesium. The effect of transverse and 
longitudinal magnetic fields was also studied. 

The results indicated that below a certain light intensity, which, however, 
varied with the conditions, the quantity A is proportional to L, and in this range 
.the ratio of A to L is entirely independent of the voltages on B and C, the electron 
emission from the filament, the bulb temperature or the presence of a magnetic field. 

On the other hand, with light intensities above a certain limit (not much 
greater than the limit previously referred to), the quantity A is independent of 
L, but depends on each of the factors already enumerated. 

Thus by plotting A against L a family of curves is obtained which has as 
an envelope a straight line passing through the origin. If the light intensity 
is kept constant and the electron emission from A is increased from 0 to a large 
value, A increases at first with the emission (with the 1.6th power of it in one 
set of experiments) and then becomes constant when A/L has reached its limit- 
ing value. 

These relationships are in many ways analogous to those in electron tubes 
where the current is in general limited either by emission from the cathode 
or by space charge, depending upon which limit has the lower value. Similarly, 
we may assume that the photo-electric reflection may be limited either by the 
number of electrons that strike the electrode, or by the amount of light reaching 
the electrode. 

Although all the characteristics of this effect are not yet understood, it seems 
safe to assume that the effect is caused by an activation of an adsorbed caesium 
film by light, the atoms in this film being brought to such a state that they 
cause the impinging electrons to make elastic collisions. . 

The effect disappears if the voltage of either B or C is brought to zero. When 
the voltage E, is less than E, the normal photo-electric effect reverses in direc- 
tion, but A does not do so. The limiting value of A for sufficiently high values 
of L, which we may call A,, is greatest when E, is considerably larger than 


8 Langmuir Memorial Volumes III 
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E,. Thus with E, = 100, E, = 60, and I, = 26, A, had a value 2.9, while 
for E, = 20, E, = 100, and I, = 47, A, was 0.07. The fact that the effect 
still existed under the latter conditions proves that several per cent. of the elec- 
trons which are reflected from B lose not more than 20 per cent of their energy. 

With E, kept at 20 volts, A, was 1.4 for E, = 20, and it steadily increased 
as E, was lowered below this point, until, at E = 5 volts, there was a sharp 
maximum (A, = 3.3). Another even greater maximum of A, = 4.2 occurred 
at E, = 1.1 volt. At E, = 0.5 volt the effect fell abruptly to zero. 

A sharp distinction between the new photo effect, measured by A, and 
the normal effect I,, is that the new effect disappears entirely if a piece of 
red glass is interposed in front of the light source, A falling at least to 1/1000th 
of its original value, whereas the normal effect decreases only to about one 
tenth. It is probable that the effect is mainly due to light having a wave length 
of about 5300 A° (blue-green). 

A similar activation of a nickel surface causing electron reflection has also 
been found in connection with some measurements of the distribution of veloci- 
ties of electrons in the positive column of the mercury arc, by a method like 
that described recently for measuring positive ion currents. (Langmuir, Science, 
58, 290 (1923)). By introducing high speed electrons (40 volts) into the mer- 
cury arc by means of a heated negatively charged tungsten filament, it was 
found that the ability of a small collecting electrode (1 sq. cm area) to take 
up low speed electrons was greatly impaired. 
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CURRENTS LIMITED BY SPACE CHARGE BETWEEN 
COAXIAL CYLINDERS 


With Karwar B. BLopGETT as Co-author 
Physical Review 
Vol. XXII, 347, October (1923). 


ABSTRACT 


Limiting current between coaxial cylinders; calculation of the function B = f(r/7_) in the space 
charge equation i = (22/9) y (elm) V*/41(rB*). Two different infinite series were obtained for f 
and the coefficients for fourteen terms of each were determined. These two sets were checked 
against each other. Thus values of §* were obtained accurate to 1 in 10,000. These were checked by 
an integration method which was also used to calculate values in the region where the series failed. 
For a cathode of radius 7, inside an anode of radius r, B* increases from 1 at r/r, = 11.2 to a maxi- 
mum value 1.0946 at r/r, = 42, decreases to a minimum value 0.9990 at r/r, = 30,000, and be- 
comes 1 at r/r, = 00. The customary assumption f* = 1 has therefore led to errors up to 9.5 
per cent in previous calculations, but this error is usually about equal and opposite to that intro- 
duced by neglecting the effect of initial velocities. For the cathode outside the anode, #* is 
given very closely by the equation f? = 4.6712 (r9/r) Dlogie(re/7)—loguy/ 2}*?, for r,/r > 10. The 
empirical constant )/2 is interpreted to mean that the potential distribution near the anode is 
unaltered if the hot cathode is replaced by a cold cylinder having one half the cross-section 
of the original cathode. The correction for initial velocities is less for a cylindrical cathode inside 
an anode than for parallel planes. In the inverted case it is much greater than in the case for pa- 
ralle] planes, and the effect of the tangential component of the initial velocity may greatly decrease 
the current that flows. 


IN PREVIOUS papers! it has been shown that in a very high vacuum the space 
charge of the electrons limits the current that can flow from a hot cathode 
to a positively charged anode so that beyond a certain point an increase in 
the temperature of the cathode causes no further increase in current. When 
the cathode and anode are long coaxial cylinders the current limited by space 


charge is given by 
. 2y2 Vs V's 1 
‘=—9_V mer) () 


Here i is the electron current per unit length along the axis, V the voltage 
at any point P, r the radius at P, e and m the charge and mass respectively 
of an electron. 
Expressing i, r, and V in amperes per cm, cm, and volts, respectively, the 
equation becomes 
t= 14.68 x 10-*V"+/(rB*) (1a) 


1 Langmuir, Phys. Rev. 2, 450 (1913); Phys. Zeits. 15, 348 (1914). 
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B = f(r/ro) is a quantity of zero dimensions, 7, being the radius of the cathode. 
Values for 6? were given in a short table, but these were derived from a rough 
method of calculation and many of them have an error of several per cent. 
The object of the present paper is to correct and extend this table and to 
give values of # for the inverted case where the cathode is the outside cyl- 
inder. 

It was shown in the derivation of Eq. (1) that 


r (@V/dr*)+aV [dr =i . (2) 
Substitution of Eq. (1) in Eq. (2) gives 
3Br* (d%B|dr®) + r* (dB/dr)?-+7Br (dB|dr)-+6—1 = 0 (3) 
Placing 
y = log (1/10) (4) 
we obtain 
3B (4B /dy*)+ (aB/dy)? +48 (dB/dy)+h—1 = 0 (5) 
The solution of this equation gives the series! 
B = y—(2/5)y°-+ (11/120) y*— (47/3300) y*+ + - > - (6) 


This was the series used to calculate £* but is accurate only for small values 
of y. The values obtained are all too low, the error at r/r) = 5 amounting 
to —0.011. 

The value 8 = 1 is a solution of Eq. (3) and corresponds to the case that 
r/ry =oco. A second method? for calculating 6 was based on a substitution 
Bp = 1-—e* 
and a series was obtained for u. The values of 8 obtained in this way conver- 
ged so rapidly to unity for r/r7 = 11 to 20 that the accuracy of the method 
was held to be doubtful. This series was therefore abandoned in favor of a meth- 


od of extending the series in Eq. (6) to give accurate values of # for large 
values of y. 


Derivation of Series for 8 


The four terms of the series in Eq. (6) fail to give values of 8 accurate to 
five places of decimals at r/r) = 1.7. A much improved method suggested 
by H. M. Mott-Smith has made it possible to determine ten more terms of 
this series. This method consists in expanding 8, which was given as a function 
of y in Eq. (5), in the form 

B= AjtAytAgy+Asyit+ .... +Anpy"+.... (7) 


1 Due to a printer’s error the coefficient of the second term was incorrectly printed —*/* 
in the Phys. Rev. paper, but it was correctly given in a paper in the Phys. Zeits. J. A. Fleming 
pointed out this error in the Radio Review 2, 133 (1921). 

* Langmuir, Phys. Zeits. 15, 351 (1914). 
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From Maclaurin’s series we have 


os ap) , (as y" ( a"B 

p= boty Sr) + (Gelert Ba) ®) 
where the terms with the subscript 0 have values corresponding to y = 0. 
The values of the successive derivatives can be conveniently calculated as 
follows: 





Let Bb =a, dB/dy = b, d*B/dy* = ¢, etc. 
Then Eq. (5) takes the form ' 
3ac+-5°§+-4ab+-a*@—1 = 0 (9) 
Differentiating (9) we have 
3ad+-5bc-+-4?+-4ac+2ab = 0 (10) 
Differentiating (10) we have 
3ae+ 8bd+4ad+ 12bc+-5c?+-2ac+ 25? = 0 (11) 
Differentiating (11) we have . 
3af+11be+4ae-+ 18cd+ 16bd+-2ad-+ 12c*+-6bc = 0 (12) 


From Eq. (6) we see that 8B = 0 when y= 0. Therefore in the present 
expansion for £8 in the neighborhood of y = 0 we may place a, = 0 and Eq. 
(9) reduces to 

b—1= 0, = 1 (13) 


the positive sign being chosen since f increases with y and hence the first 
derivative is positive. Substituting a) = 0, b, = 1 in Eq. (10) we have 


dieaals (14) 
Substituting the values of a, by, and cy in Eq. (11) we have 
d, = 11/20 (15) 
Similarly from Eq. (12) we have 
€) = —376/1100 (16) 
By comparing (7) and (8) it is seen that 
1 {a 
4 srl) sis 


Therefore dividing the derived values of by, co, dy and e) by 1, 2, 6 and 24 
respectively we obtain 
A, = 1, A, = —2/5, A, = 11/120, A, = —47/3300 
and these coefficients agree with those in Eq. (6). 
It is seen that in this process when each successive equation is differentiated 
the new equation thus formed can be solved for a value of (d%B/dy"), by 
a knowledge of the values of all the preceding derivatives. Thus the coeffi- 
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cients of any number of terms of the series in Eq. (7) can be calculated. 
The 2nd column of Table I gives the first fourteen of these coefficients cal- 
culated by this method. 


Tasre I 


Coefficients of Terms in Series for B 








A, Ba 

0 0.0 0.0 

1 +1.0 +1.0 

2 —0.40 +0.10 

3 -+0.09166665 +0.01666667 

4 —0.01424242 +0.002424242 

5 +0.001679275 +0.0002872294 

6 —0.0001612219 -+0.00002658476 

7 +0.00001293486  +1.766124x 10-* 

8 ° —8.87693 x 1077 +6.332946x 10-* 

9 +5.46192x 10-* —8.73852x 10-1 
10 — 2.94843 x 10-° —1.93844x 10-4 
11 +1.36026x 107° +5.77287x 10-4 
12 —7.1101 x 10-8 +9.4502 x 10-18 
13 +2.6644 x 10-¥ +4.7012 x 10-4 
14 +1.2526 x 10-% —6.5539 x 10-% 





H. M. Mott-Smith also suggested a second series, usually more rapidly 
convergent than the first, which he obtained by putting 


B = 0e-7!3, (18 
which reduced Eq. (5) to 
a  (do\* 
36 a +(2) —ev=0. (19) 
This equation was also expanded by Maclaurin’s series, using the same 
method as that described above. 
When combined with Eq. (18) it takes the form 
B= &78(Bot+Byt+By'*+ .... +By"+...) (20) 


where 
1 (a0 
erica si 


The third column of Table I gives the first fourteen coefficients and shows 
that this series which is at first more convergent than the A series becomes 
less convergent after the eleventh term. 

Each coefficient of the series was checked against the corresponding coef- 
ficient of the A series by the following method. Differentiating Eq. (18) suc- 
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cessively and placing y = 0 and hence f = 0 and 6 = 0 we obtain a series 
of equations for d*B/dy" in terms of d6/dy, d*6/dy*,....d*0/dy". From Eqs. 
(21) and (17), substituting »!B, = d*0/dy" for each derivative of 6, and 
n|A, = d*B/dy" we obtain A, = B,; 2A, = 2B,—B,; 6A, = 6B,—3B,+ 3B;; 
etc. Each coefficient was tested by means of these equations using one or 
two more decimal places than are given in Table I, and all were shown to be 
correct within the degree of accuracy recorded in the table. 


Calculation of £ 


Case where r[r,>1. (Cathode inside of anode).—The B series was used for 
all calculations of the value of 6 when r/r,> 1 because it is the more con- 
vergent series over the first part of the range, while over the latter part it has 
the advantage that the error of the neglected final terms is multiplied by the 
increasingly small quantity e~”/? which becomes 0.1 at 7/r7 = 100. The fourteen 
terms were sufficient for an accurate calculation of the values of 8 up to y = 
= 4.2, r/r, = 66.7, and were useful as an approximation as far as y = 7.5, 
r/r, = 1808. 

In order to check the results obtained, the following method was adopted. 
For y = 3.0 to y = 4.2, B was calculated for equal intervals Ay = 0.2, and 
in addition the value of d8/dy was calculated at each point from the equation 
obtained by differentiating (20). The values of 6 and d8/dy for each value 
of y were then substituted in (5) and each equation solved for d?B/dy*. The 
successive values of d?8/dy* thus obtained were integrated by Simpson’s rule 
to give dB/dy and again integrated to give f, the integration in each case being 
checked by Weddle’s rule. It was found that the values of 8 obtained at the 
_end of this process as a result of integration were exactly the same as those 
substituted in the equation at the beginning of the process. It was therefore 
shown that the series calculations for 8 (requiring all fourteen terms at y = 
= 4.2) had yielded correct values which were solutions of the differential 
equation for £. 

When the series began to fail at y = 4.2 the integration process proved 
to be a practicable method of determining the correct values. For if prelimi- 
nary values of 6 and df/dy, which are approximately correct, be substituted 
in the equation to obtain d*8/dy* and the integration process carried through 
as before, the result of integration will be a new set of values of dB/dy and B 
slightly different from the first. These new values may in turn be substituted 
in the equation and the process repeated, and if the final values of 8 do not 
then agree with the values obtained in the preceding approximation the process 
may be carried through as many times as necessary. It is found that the values 
of f thus successively obtained converge toward a fixed set of values which 
are the desired solutions of the equation, so that the method provides a means 
of arriving at these solutions. 


Google 


120 Currents Limited by Space Charge Between Coaxial Cylinders 


From y = 4.5 to y = 7.5 the series calculations were used as preliminary 
values for the integration method, and the results of the operation of the method 
showed that these values of f required at y = 4.5 a correction of —0.00003, 
and at y = 7.5 a correction of —0.00260. Beyond » = 7.5 the series was aban- 
doned and the preliminary values obtained by extrapolation. 

The results of these calculations for y = 3.0 toy = 10.5 are given in Table II, 
together with the corresponding values of d8/dy. 








Tasre II 
y | B | dB/dy 
3.00 | 1.03528 +0.03506 
3.20 | 1.04098 +0.02239 
3.4 1.04440 | +0.01221 
36 | 1.04600 | +0.00415 
38 | 1.04618 } —0.00211 
4.0 | 1.04526 — 0.00686 
4.2 1.04352 | —0.01035 
4.5 1.03986 —0.01369 
48 1.03548 | —0.01527 
5.1 1.03084 | —0.01562 
54 | 1.02620 | —0.01509 
5.7 1.02182 —0.01402 
60 | 1.01782 | —0.01263 
6.3 ; 1.01426 —0.01107 
6.6 1.01118 —0.00949 
69 1.00856 —0.00797 
ne 1.00638 —0,00656 
r 2 a 1.00461 —0,00530 
8.0 | 1.00242 —0.00352 
8.5 = | 1.00101 —0.00221 
9.0 | 1.00015 — 0.00126 
95 | 0.99970 —0.00061 
10.0) 0.99951 | —0.00020 
10.5 | 0.99947 | +0.00001 


| 





Table III gives the complete range of values of f?, which were all calcula- 
ted to at least one more decimal place than appears in the table. The values 
corresponding to r/r, > 20 were derived from interpolations for B from Table II, 
using Newton’s interpolation formula. They show that f? passes through unity 
at r/r, = 11.2, increases to a maximum value 1.0946 at r/ry = 42, and again 
passes through unity close to r/r, = 10,000. A minimum is reached just be- 
fore y = 10.5 (r/r, = 36,316) and its value differs from unity by less than 
0.0012. Probably from this point onward the curve passes successively through 
an infinite number of maxima and minima which rapidly approach unity. 

It has been customary to place 6? = 1 in the space charge equation (1a), 
but the data in Table III indicate that in the range of diameters of cathode 
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TasBie III 
8? as Function of Radius 
t_ = radius of cathode; r = radius at any point P 
B* applies to case where P is outside cathode, r> 19. 
(—£)* applies to case where P is inside cathode, r,> r. 











rire or r/r B | (— 8)? rlrq or re/r B | (— 8)? 
1.00 . 0.00000 0.00000 60 6| © 0.8362 14.343 
1.01 0.00010 0.00010 6.5 0.8635 16.777 
1.02 0.00039 0.00040 7.0 0.8870 19.337 
1.04 0.00149 0.00159 7.5 0.9074 22.015 
1.06 0.00324 0.00356- 8.0 0.9253 24.805 
1.08 0.00557 0.00630 8.5 0.9410 27.701 
1.10 0.00842 0.00980 9.0 0.9548 30.698 
1.15 0.01747 0.02186 9.5 0.9672 33.791 
1.2 ' 0.02875 0.03849 10. 0.9782 36.976 
1.3 | 0.05589 0.08504 12. 1.0122 50.559 
1.4 | 0.08672 0.14856 14. 1.0352 65.352 
1.5 ' 0.11934 0.2282 16. | 1.0513 81.203 
1.6 | 0.1525 0.3233 18. 1.0630 97.997 
1.7 | 0.1854 0.4332 20. 1.0715 115.64 
1.8 7 0.2177 0.5572 30. 1.0908 214.42 
1.9 0.2491 0.6947 40. 1.0946 327.01 
2.0 * 0.2793 0.8454 50. 1.0936 450.23 
241 0.3083 1.0086 60. 1.0910 582.14 
2.2 0.3361 1.1840 70. 1.0878 721.43 
2.3 0.3626 1.3712 80. 1.0845 867.11 
2.4 0.3879 1.5697 90. 1.0813 1018.5 
2.5 0.4121 1.7792 100. ! 1.0782 1174.9 
2.6 0.4351 1.9995 120. 1.0726 1501.4 
2.7 0.4571 2.2301 140. 1.0677 1843.5 
2.8 0.4780 2.4708 160. 1.0634 2199.4 
2.9 | 0.4980 2.7214 180. 1.0596 2567.3 
3.0 | (0.5170 2.9814 200. 1.0562 2946.1 
3.2 | 0.5526 3.5293 250. 1.0494 3934.4 
3.4 | 0.5851 4.1126 300. 1.0440 4973.0 
3.6 | 0.6148 4.7298 350. 1.0397 6054.1 
3.8 | 0.6420 5.3795 400. 1.0362 7172.1 
4.0 0.6671 6.0601 500. 1.0307 9502.2 
4.2  0,6902 6.7705 600. 1.0266 
4.4 0.7115 7.5096 | 800. 1.0209 
4.6 ' 0.7313 8.2763 || 1000. 1.0171 
48 | 0.7496 9.0696 || 1500. 1.0114 
5.0 | 0.7666 9.8887. | 2000. 1.0082 
5.2 | 0.7825 10.733 | 5000. 1.0020 
5.4 | 0.7973 11.601 |; 10000. 0.9999 
5.6 ' 0.8111 12.493 ! 30000. 0.9990 
5.8 | 0.8244 13.407 00 1.0000 00 
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and anode most commonly used in electron tubes (r/r, between 20 and 500) 
this practice has involved an error up to about 9.5 per cent. The reasons 
that this error has not been detected by experiments are probably (1) that 
the ‘‘end convections” are usually not accurately known and (2) that this error 
is usually about equal and opposite to that introduced by neglecting the effect 
of initial velocities. 

Case where r/ry<.1. (Cathode outside of anode).—For the inverted case of 
electron current between concentric cylinders where the cathode is the outside 
cylinder, the same series may be used as in the preceding case, but y is 
now negative so that alternate terms of the series have changed sign. This 
makes the values of f negative, but since only 6? occurs in Eq. (1) the current 
remains positive. 

The calculations of 8 were made from the B series as far as r,/r = 20. 
From this point they were carried through to the end, using the A series, 
for after the factor e”/? in the B series reached the value 7/20 it multiplied 
the error of neglected terms by too large a quantity. Also the A series is 
more convergent in this region. The results are given in Table III and are 
believed to be accurate to the number of places given. 

For high values of r,/r a useful approximation formula for obtaining £ 
is given by 

B* = 4.6712 (ro/r) [logio (79/7) —0.1505]** (22) 

This is accurate to one part in 10,000 for values of r,/r greater than 80, 
and accurate within one per cent for values of r,/r greater than 10. The equa- 
tion is obtained from Eq. (19) by neglecting ¢’, integrating twice, substitut- 
ing the value of @ into Eq. (18) and eliminating y by Eq. (4). The two integra- 
tion constants are then so determined as to make the values of f* for large r,/r 
agree with those calculated from the series as given in Table III. 

Logarithmic differentiation of Eq. (1), considering ¢ as constant, gives 


3 (r/V)/(dV[dr) = 2+-4 (d log B)/(d log r) (23) 
Logarithmic differentiation of Eq. (22) gives 
4 (d log £)/(d log r) = —2—3/[log,(r,/r)—0.34654] 
Combining this with Eq. (23) we have 
aV |dr = —(V/r)/[log, (79/7) —0.34654] (24) 


This equation for the potential gradient at any point is of course valid only 
in the same range as Eq. (22), that is, when r is less than say 0.175. 

In the absence of electron current and the resulting space charge the field 
intensity between concentric cylinders is 


dV |dr = (V/r)/log (r,/r) (25) 


1 This has been discussed in a footnote to a recent paper, Langmuir, Phys. Rev. 21, 435 
(1923) and illustrated by Dushman’s experimental data. a 
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where r, is the radius of one cylinder at zero potential and V is the potential 
at any point of radius r. 

Comparing Eqs. (24) and (25) we see that the field intensities become 

identical for all values of r if we place 
log (ro/r,) = 0.34654 = log /2 
or r=7,V2 (26) 

The ratio ry : 7, is equal to}/2 within about one part in 30,000, and therefore 
probably is rigorously equal to this number. This result may be interpreted 
as follows. 

With current limited by space charge between an outer hot cathode and 
an inner concentric anode of small diameter, the potential distribution near 
the anode is unaltered if the cathode is replaced by a cold cylinder having 
one half the cross section of the original cathode. The effect of space charge 
is thus to increase the field intensity near the anode to the same extent as 
a 50 per cent reduction in the cross section of the outer cylinder in the case 
where space charge is absent. 

From this it appears that the space charge close to the anode is without 
appreciable effect in limiting the current. 

Effect of initial velocities of the electrons.—In the derivation of Eq. (2) it was 
assumed that the electrons leave the cathode without initial velocities. In a pre- 
vious paper! a full discussion has been given of the effects produced by these 
initial velocities in the case of parallel plane electrodes. 

With a cylindrical cathode of small diameter in a large coaxial anode there 
is a relatively high potential gradient near the cathode so that the electrons 
move with high velocity through the large part of their paths. The correction 
for the initial velocities is thus considerably less than for parallel planes (about 
one fourth). 

In the inverted case, with the cathode as outer cylinder, the electrons move 
with low velocity over most of their paths. The correction for initial radial 
velocities must therefore be much greater than for parallel planes. 

In the inverted case the tangential velocities of the emitted electrons must 
be of very great importance in determining the current limitation by space 
charge. Consider an electron which is emitted from the cathode with a tan- 
gential velocity corresponding to a fall through the potential V,. Under the 
influence of the central force the electron describes an orbit in which the an- 
gular momentum is constant. The tangential velocity thus increases in pro- 
portion to the reciprocal of the radius. Since voltages are proportional to the 
squares of the corresponding velocities, we have 


V, = Vo(r/r)? 
where V, is the voltage equivalent to the tangential velocity at a point of radius r. 


2 Langmuir, Phys. Rev. 21, 419, 1923. 
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If V, is the voltage of the anode with respect to the cathode, it is clear that 
(V,+V,) cannot exceed V,. Neglecting V, in comparison with V,, we see that 
the only electrons which can reach the anode are those for which 


Vo< Vi (r/r9)? (27) 


Taking the energy corresponding to the tangential velocity as kT/2 and 

placing this equal to Vye we find 
Vo = kT|/(2e) = T/23,200 (volts). 

With adsorbed films of alkali metals! it is possible to obtain large electron 
currents at temperatures as low as 700°K under conditions particularly favor- 
able for the use of a cathode outside of an anode. It is thus possible to make 
V, (for the average tangential velocity) as low as about 0.03 volt. With this 
value of V, and the anode voltage V, equal to 100, we see by Eq. (27) that 
r,/r< 300. Thus if the diameter of the anode is less than 1/100th of that of the 
coaxial cathode, about half the emitted electrons cannot reach the anode because 
of their tangential velocities. Since these, however, contribute about equally to 
the space charge, the electron current flowing to the anode will be approxi- 
mately half that calculated by Eq. (1). These considerations make. it ‘possible 
to estimate the magnitude of deviations from Eq. (1) resulting from tangential 
velocities and will serve as the basis for future theoretical and experimental 
investigations. 

Lack of radial symmetry in the electrodes is another factor that can cause 
tangential velocity components and lead to a decrease in the space charge 
current. , 


1 Langmuir and Kingdon, Science, 57, 58 (1923). 
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ABSTRACT 

Limiting current between concentric spheres; calculation of the function a = f(r/r.) in the space 
charge equation i = (4 ¥ 2/9) Y (e/m)V*!?/a?.— The coefficients of the first six terms of a series 
for a were determined, and a* calculated from this series. The results were checked by an in- 
tegration method which was also used to calculate values in the region where the series faileds 
For an emitter of radius 7, inside a collector of radius r, values of a* when log (r/r,.) > 6.4 are 
given by the equation 

4a = 0.112 log (log r/r,) + log (r/re) + 0.152. 
Where the collector is the inside sphere, values of a® for r,/r > 9 are given by the equation 
(4a*) 2 #8 = 1.11 (r,/r)—1.64. It is shown that when the collector is the inside sphere the potential 
distribution near the collector is unaltered if the emitter is replaced by a non-emitting sphere 
with a diameter .677 times the original diameter. 

Limeiting current between coaxial cylinders and between concentric spheres. — Equations are 

derived for the current in terms of the radius of curvature of the emitter. It is shown that at a sur- 
face in space four-fifths of the distance from the emitter to the collector the current density is 
independent of the radius of curvature when r/r, or ro/r < 2; and in the case of coaxial cylin- 
ders with the emitter inside this holds true even when 17/r, = 20. 
THE PROBLEM of the calculation of thermionic currents limited by space . 
charge has to deal with three simple cases, those of parallel planes, coaxial 
cylinders, and concentric spheres. These three cases have the characteristic 
that when an electron current is flowing, the lines of force and the paths of the 
electrons coincide. Parallel planes! and coaxial cylinders? have been considered 
in previous papers, and the equations have been given for calculating the 
currents for these surfaces. Although it is easy to construct apparatus in which 
the conditions approximate closely those of the cylindrical case, it is difficult 
to build devices in which the heated cathode takes the form of a sphere. 

Recently space charge equations have been used in a new line of experimen- 
tal work? to measure the intensity of ionization in gaseous discharges in which 
a positive ion sheath forms around the negatively charged electrode and the 

2 Langmuir, Phys. Rev. 2, 450 (1913); Phys. Zeits. 15, 348 (1914). 

* Langmuir and Blodgett, Phys. Rev. 22, 347 (1923). 

® Langmuir, Science 58, 290 (1923); Gen. Elec. Rev. 26, 731 (1923); ¥. Franklin Inst. 196, 
751 (1923). 
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current is limited by space charge. Surfaces of different shapes have been used 
for electrodes, and since the sphere has proved to be particularly suitable, the 
space charge equations for spherical electrodes have assumed practical impor- 
tance. The development of these equations and the calculation of the numerical 
values of the function a which they involve will be given in this paper. The 
derivation has been made with the intention of using the equations to calculate 
the flow of either electrons or positive ions, and for this reason the general 
case has been developed in which the current flows from an emitter to a col- 
lector without regard to the direction of the voltage between the electrodes. 
Thus for calculations on ionization in gaseous discharges the outer edge of 
the positive ion sheath itself is the emitter of ions and the negative electrode 
within the sheath is the collector. 

For the case of space charge between concentric spheres Poisson’s equa- 
tion becomes 

1d{[{.,av 

Pdr a2) == 4n¢ (1) 
where V is the potential at a point distant r from the center, and o@ is the 
electron space charge. If i is the total thermionic current, o the velocity 
of electrons or ions at the distance r, and e and m the charge and mass of an 
electron or ion, 


t= 4zroV. (2) 
If we neglect the initial velocities of the particles we have 
4mo* = Ve (3) 


where V is measured from the surface of the emitter. Combining Eqs. (1), 


(2), and (3) gives = 
J (02) =i. (4) 


This equation, like the similar equation for coaxial cylinders, probably can- 
not be directly integrated, but a result can be obtained in terms of a series. 
The final solution takes the form 

4V2_/e Vr 


‘= ——_ 


9 m a (6) 
where a is a function of the ratio of the radii r and r, of the spheres, 7. being 
the radius of the emitter. It is seen from this equation that the current is 
independent of the actual sizes of the spheres since the radii appear only in 


a ratio. 





Calculation of a 
An equation in a can be obtained by substituting Eq. om in Eq. (4) and 
placing 
y = log(r/ro) (6) 
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This gives 

da (da\*,, da : | 
3a oe +(%) pee ee (7) 
From this equation the values of a can be obtained in terms of a series. 
The coefficients of the first six terms of the series were obtained by a method 
described in a recent paper,? which makes use of Maclaurin’s series in the 
neighborhood of y = 0. The series for a thus calculated is 


a = y—0.3y°+0.075y°—0.0143182y4+ 0.0021609>—0.00026791)4+... (8) 


The first three coefficients are exact and the last three are each rounded off 
in the last figure. 
Case where r/r, > 1 (Emitter inside of collector).—For values of r/r, up to 
5, a could be calculated accurately to three places of decimals from the series 
in Eq. (8). For the larger values, however, the six terms were entirely insuf- 
ficient, and an integration process was used to complete the calculations. 
This process was applied to the equation obtained from Eq. (7) by making 
the substitution 
y = ja® (9) 
which gives 
dty 1 
a (2) 43 i=0. (10) 


The method employed was described in the recent paper referred to 
above, and consists essentially in substituting approximate values of y and 
dy/dy in Eq. (10), solving the equation for d*y/dy*, and integrating the values 
thus obtained for new values of y and dy/dy which will be more nearly cor- 
rect than the approximate values substituted at the beginning of the process. 
These calculations were made with y in the region y = 1.0 to y = 2.2, and 
the values of y obtained as the result of integration agreed exactly with those 
obtained from the series. The process was then used to calculate y in the 
range y = 2.2 to y = 26.8 where the series was insufficient. The results of 
these calculations are given in Table I. 

The following empirical equation was found to fit the calculated values 
of y, dy/dy and d*y/dy* with a high degree of accuracy for values of y greater 
than 


8, 


= 0.112 log y-+4y+0.152. (11) 


The values of y given fs this equation have an error of 0.48 per cent at 
y = 6.4 and 0.025 per cent at y = 11.8. 

Table II gives the complete range of values of a* up to r/ry = 100,000. 
The values corresponding to r/r9 >5 were obtained from interpolations for 
a from Table I, using Newton’s interpolation formula. 
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Case where r/ry< 1 (Emitter outside of collector).—The series in Eq. (8) that 
was used to calculate a in the preceding case is also applicable in the in- 
verted case where the cathode is the outside cylinder, but since y is now neg- 
ative the signs of the alternate terms are changed. In this case, also, the 
integration process was used to calculate a for the larger values of y. 


TaBLe I 
y dy|dy y= za" a 
2.2 0.4512 0.8424 1.2980 
2.4 0.4435 0.9319 1.3652 
2.6 0.4354 1.0198 1.4281 
2.8 0.4275 1.1061 1.4873 
3.0 0.4198 1.1908 1.5432 
1 
3.2 0.4126 1.2741 1.5963 
3.4 0.4060 1.3559 1.6468 
3.7 0.3970 | 1.4763 1.7183 
4.0 | 0.3891 | 1.5942 1.7856 
43 | 0.3825 | 1.7099 1.8493 
4.6 | 0.3767 | 1.8238 | 1.9099 
4.9 0.3720 | 1.9361 | 1.9678 
5.2 0.3678 2.0471 2.0234 
5.8 0.3615 2.2658 2.1288 
6.4 0.3569 2.4812 2.2276 
7.0 0.3536 2.6944 2.3214 
7.6 0.3510 2.9057 | 2.4107 
8.2 0.3493 3.1157 | 2.4963 
8.8 0.3476 3.3249 2.5787 
11.8 0.3433 4.3607 2.9532 
14.8 0.3410 5.3867 3.2823 
17.8 0.3397 6.4077 3.5799 
20.8 0.3387 7.4252 3.8536 
23.8 0.3380 8.4402 4.1086 
26.8 0.3375 9.4534 | 4.3482 


The equation which was used in this process was obtained by combin- 
ing Eqs. (6) and (10) and placing r,/r = o, which gives 


dy 1(dy\> 1 _ 
3431 (8) ——=0. (12) 
T he results of calculations using the integration process in the range ¢ = 7 
to o = 22 are given in Table III. 
In the neighborhood of o = 22, the term 1/o* in Eq. (12) is decreasing 
rapidly and has already become only 0.7 per cent of the second term, so that 
a solution of the equation neglecting the term 1/o* gives a good approxima- 
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TaBLe II 
a? as Function of Radius 
r, = radius of emitter; r = radius at any point P; 
a® applies to case where P is outside emitter, r> 19; 
(—a)*® applies to case where P is inside emitter, r—> r. 














on —* | a* | (—a)* gee: a*® | (—a)* 
To r To r 

1.0 0.0000 0.0000 | 6.5 1.385 13.35 
1.05 0.0023 0.0024 7.0 1.453 15.35 
1.1 0.0086 0.0096 7.5 1.516 17.44 
1.15 | 0.0180 0.0213 8.0 1.575 | 19.62 
1.2 0.0299 0.0372 8.5 1.630 21.89 
1.25 | 0.0437 0.0571 9.0 1.682 24.25 
1.3 0.0591 0.0809 9.5 1.731 26.68 
1.35 | 0.0756 0.1084 10 | 9577 29.19 
1.4 0.0931 0.1396 12 | 1.938 39.98 
1.45 0.1114 0.1740 | 14 | 2.073 51.86 
1.5 / 0.1302 0.2118 16 2.189 64.74 
1.6 ' 0.1688 0.2968 18 | 2.289 78.56 
1.7 0.208 0.394 20 | 2.378 93.24 
1.8 0,248 0.502 | 30 | 2.713 178.2 
1.9 0.287 0.621 | 40 2.944 279.6 
20 | 0.326 0.750 | 50 3.120 395.3 
2.1 0.364 0.888 60 3.261 523.6 
2.2 0.402 | 1.036 | ! 70 3.380 663.3 
2.3 0.438 1.193 | 80 3.482 813.7 
2.4 0.474 1.358 | 90 3.572 974.1 
2.5 0.509 1.531: 100 3.652 1144 
2.6 | 0.543 1.712 | 120 3.788 - 1509 
2.7 0.576 1.901 140 3.903 1907 
2.8 0.608 2.098 | 160 4.002 2333 
2.9 0.639 2.302 | 180 4.089 2790 
3.0 0.669 2.512 . 200 4.166 3270 
3.2 0.727 2.954 | 250 4.329 | 4582 
3.4 0.783 3.421 | 300 4.462 6031 
3.6 0.836 3.913 | 350 4.573 7610 
3.8 0.886 4.429 | 400 4.669 9303 
4.0 0.934 4.968 | 500 4.829 13015 
4.2 0.979 5.528 | 600 4.960 
44 1.022 6.109 | 800 5.165 
4.6 1.063 6.712 | 1000 5.324 
4.8 1.103 7.334 | 1500 5.610 
5.0 1.141 7.976 2000 5.812 
5.2 1.178 8.636 5000 6.453 
5.4 1.213 9.315 10000 6.933 
5.6 1.247 10.01 | 30000 7.693 
5.8 1.280 10.73 | 100000 8.523 
6.0 1.311 11.46 





$ Langmuir Memorial Volumes III 
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tion formula for y which may be used to obtain values of a in the region 
beyond o = 22. The complete solution of 





dy 1 (2 y- 
as yer CG) 
is 
y= Act+B (14) 


The values of A and B were derived from the data in Table III, with the 
result 
ys = 1.1l0o—1.64. (15) 


Values of yy obtained from this equation have an error of 0.5 per cent at ¢ = 9 
and 0.025 per cent at o = 18. Table II gives the complete range of values 
of a? for this case up to r,/r = 500. Eq. (15) was used for the calculations 
in the range r,/r = 22 to 500. 





TaBLe III 
Se et ie 
o=r,/r | dy/do y = 10° a 
7.0 | 2.0454 | 7.675 3.918 
r£) | 2.1376 8.721 4.176 
8.0 | 2.2261 ! 9.812 4.430 
8.5 2.3113 10.947 4.679 
9.0 2.3935 12.123 4.924 
9.5 | 2.4730 13.340 | 5.165 
10.0 | 2.5501 | 14.596 5.403 
12. 2.8379 | 19.988 6.323 
14. | 3.0990 | 25.930 7.201 
16. | 3.3400 32.371 8.046 
18. | 3.5646 | 39.280 | 8.863 
20. | 3.7760 46.622 | 9.656 
22. | 10.429 


3.9761 | 54.378 


Low values of a* for either the direct or inverted case where r/r, or ro/r < 1.4, 
may be conveniently calculated from Eq. (16) which is derived in the fol- 
lowing manner. Put ¢ = (r,/r)—1 and expand y = —log(r,/r) into a series 
in terms of ¢. Substitute this value of y in the equation obtained by squaring 
Eq. (8) and as a result 


aati tp A tt. (16) 
Logarithmic differentiation of Eq. (5), considering i as constant, gives 
da 3 dV 
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Logarithmic differentiation of Eq. (15) combined with Eq. (9) gives — 





3 a Ulle=leF: (18) 

Combining this with Eq. (17) and substituting o = r,/r, | 
dV. dy [{1 1.477 

ae a) 


In the case of two concentric spheres, neither of which is emitting current, 
the voltage at any point of radius r is 
| y=a(t_1) (20) 
ron 
where V is measured with respect to the sphere of radius r,. Logarithmic 
differentiation of Eq. (20) gives 


$--4/(t-3) ey 


Comparing Eqs. (19) and (21) we see that they become identical for all val- 
ues of r if we place 


1, = 0.677 ro. (22) 


Thus when current emitted by a spherical electrode is being collected by 
an inner concentric sphere of small diameter, the effect of space charge is 
to make the potential distribution near the collector the same as it would 
be if the outer sphere were not emitting current and were given a diameter 
67.7 per cent of the original diameter. A similar ratio of diameters for the case 
of cylinders was given in the previous paper and is 0.707. 


Comparison of Equations for Planes, Cylinders and Spheres 


The equations given in this paper and two preceding papers for calculating 
thermionic currents limited by space charge are as follows: 
Parallel planes (i, = current per unit area) 


.  y2./e var 


ao ae (23) 
Coaxial cylinders (i, = current per unit length) : 

. 2y2_/e Vs 7 

z, = ={- Vs “TB? (24) 
Concentric spheres (i = total current) ; 

42. /e ve 

OV mw ” 
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If these three equations are written in the same form by substituting 
t,/(2x79) = 1, and 1/(4a7,”) = 1,, they become 
for parallel planes, 


i, = D/x*; (26) 
for coaxial cylinders, 
i, = D](ror6?); (27) 
for concentric spheres, 
i, = Di(rto*); (28) 
where -_ 
= = ya. (29) 


If ¢ is expressed in amperes per hee V in eae x and r in cm, and e and m 
are the charge and mass respectively of an electron, D has the value 


D = 2.336 x 10-*V3/2 
If e and m are the charge and mass of an ion, 


D = 5.455 x 10-°V*/3/)/M 
where M is the molecular weight of the ions (oxygen atom = 16). 

Consider the case of two concentric spheres that are very close together 
so that their surfaces are almost parallel. If we put r = (79+) and b = x/r, = 
== (r/rs—1) we can write a series for a* similar to the series in Eq. (16) as fol- 
lows 


a? = b — 204 aa bt (30) 


This value of a? may be substituted in Eq. (28) and it is then seen that when 
b becomes so small that all the terms in the series except the first are negligible, 
the equation becomes identical with Eq. (26) for parallel planes. 

In the same way a series for f* can be derived, which is 


p= 2 2H = bt (31) 
and this can be substituted in Eq. oa which will also become identical with 
the equation for parallel planes when b is very small. 

Where the surfaces of cylinders and spheres are farther apart so that the 
second and third terms of the series in Eqs. (30) and (31) become important 
and the conditions no longer closely approximate those of parallel planes, these 
series enable us to obtain equations for the current in terms of the total cur- 
vature of the emitting surfaces. This total curvature g, in the case of the emit- 
ting cylinder is 99 = 1/ro, and for the sphere is 95 = 2/r9. Combining r = (79+) 
with Eq. (31) and substituting the value of o, for a cylinder, we have 


rrp? = # (1-4 200+ 3 > 5293 _ (32) 
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Similarly from Eq. (30) we have for sae 


ria? = a(i-t 4 sat at at... (33) 


We now see that the equations for cylinders and spheres in terms of the total 
curvature of the emitting surface have the first two terms identical. By expand- 
ing the reciprocal of the series in Eq. (32) we obtain an expression for 1/(rorB*), 
in which the second term is +4/5 (xg,) but the third term is only —0.02 x%o* 
which is 3 per cent of the third term in Eq. (32). Carrying through a similar 
process for Eq. (33) the third term becomes 0.126 x*o*. Substituting these values 
for 1/(r,7B*) and 1/(r§a*) in Eqs. (27) and (28) and neglecting the third terms 
of the expansions, we have 


“f -PyYes dea (+2 xen) (34) 


which is the equation for parallel planes with a first order correction term for 
curved surfaces in terms of the curvature of the surface. 

But it was arbitrary when defining the current per unit area and the total 
curvature to choose the area and curvature of the surface of the emitter. We 
may just as well choose the surface of the collector or any surface between 
them. We shall consider the general case where the current is measured per 
unit area of a surface of radius 7, = (r)+kx) for which the total curvature is 
01 = Oo/(1+ eokx) for a cylinder or 0, = o/(1+ 40okx) for a sphere. 

In this case from Eqs. (27) and (28) the current per unit area of the new 
surface isi, = D/[(r9+x)rB?] for cylinders andi, = D/[(r9+x)*a*] for spheres. 
Eqs. (32) and (33) will then become 





(ro + kx) rf? = ait a bates) atet + ---] (35) 


and 
617° 


It now becomes apparent that for k = 4/5 the second term in both series 
will vanish for all values of xo,, and the coefficients of x20? will be small, having 
the value 0.02 for cylinders and 0.0342 for spheres. This means that for all 
values of xo, that make the third terms negligible, the current per unit area 
of a surface four-fifths of the distance from the emitter to the collector is the same 
as for parallel plane electrodes spaced the same distance apart as the two 
curved electrodes. 

We have thus determined a surface in space at which the current per unit 
area is the same whether the electrodes are plane or curved, provided that 
0.03 x*0? is small compared to unity. This suggests that it may be possible 
to locate such a surface in every instance by properly choosing the value of k. 
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At this surface, the equations for parallel planes, coaxial cylinders, and con- 
centric spheres must become identical, and therefore, substituting (r,—kx) 
for r,, we have from Egs. (26) and (27) 


x? = (7, — hx)? (37) 
from which 
eae 
k= oe (38) 
Similarly in the case of spheres 
x = (r,—kxf a (39) 
from which 
_1inr 
saa Mae (#9) 


Since x = (r—r,), Eqs. (38) and (40) may be written with the radii of the 
curved surfaces appearing in each case only as a ratio. Values of k calculated 
from these equations are given in Table IV. 
Tamiz IV 
Values of k as a Function of the Radu 





r te Cylinder Cylinder Sphere Sphere 





ae 
Te r : r.%~> 1 F rre< i ; rrm>i rr<1 
1.0 0.8000 0.8000 0.8000 ‘0.8000 
1.2 i 0.7970 0.8039 0.7877 0.8122 
1.5 0.7932 0.8093 0.7718 0.8268 
2.0 0.7904 0.8171 0.7513 0.8450 
5.0 0.7935 0.8455 0.6862 0.8959 
10 0.8090 0.8677 0.6393 0.9260 
20 0.8340 0.8883 0.5959 1 0.9490 
100 0.9081 0.9258 0.5132 "0.9805 
os 1.0000 1.0000 0 0000 | 1.0000 





Consider the case of two coaxial cylinders where the emitter is the inner 
one and has a radius 1 while the collector has a radius 20. From Table IV 
k = 0.834, and a surface 83.4 per cent of the distance from the emitter has 
a radius r, = 16.846. The current per unit area of this surface by Eq. (27) 
is 1, = D/(16.8467r8*). Substituting the value 6? = 1.0715 when r/r, = 20 
we have 1, = D/361 for the correct value of the current, which is the same 
value as 1, = D/(19)* for the current between two parallel planes. 

If we had given k the approximate value 0.8 we should have had 7, = D/347.2 
for the current per unit area of a surface with radius r, = 16.2. This differs 
from the value of current between parallel planes by 4 per cent, and since this 
error is (0.8x—0.834x)/(r,+ .834x) it is clear that it is less than the error in k. 


Google 


Currents Limited by Space Charge Between Concentric Spheres 135 


Thus in this case for a range of ratio of radii from 1/1 to 1/20 the current per 
unit area of a surface four-fifths of the distance from the emitter is the same 
as the current between parallel planes within an error of 4 per cent, and over 
half the range the error is less than 1 per cent. 

On the other hand in the case of coaxial cylinders with the emitter outside, 
Table IV shows that k departs much more rapidly from the value 0.8. The 
error introduced into calculations of current by choosing k = 0.8 instead of 
the exact value k, from the Table is (0.8x—k,x)/(ro+k,x) where x = (r—ro) 
is now negative. This error in current is proportional to the error in k as k, 
is to (ro/x-+k,), which shows that calculations of current using k = 0.8 may ~ 
be made with an error less than that of k only up to 7,/r = 2.55, and above 
that point the error is greater than that of k, becoming infinitely great as r,/r 
approaches infinity. 

In the case of spheres the value k = 0.8 yields an error of 5.6 per cent for 
r/r. = 2.0 where the emitter is inside, and 7.9 per cent for ro/r = 2.0 where 
the emitter is outside. Thus when current is flowing in either direction between 
any curved surfaces where the radius of the outer surface is not more than 
twice the radius of the inner, the amount of current flowing per unit area of 
a surface four-fifths of the distance from the emitter to the collector is very 
nearly the same as the current between parallel planes. In the case of coaxial 
cylinders with the emitter inside this same rule applies with similar accuracy 
even when the radius of one is twenty times the radius of the other. 

The writers wish to acknowledge the assistance given by H. M. Mott-Smith 
in the mathematical analysis of this problem. 


. 
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DIFFUSION OF ELECTRONS BACK TO AN EMITTING 
ELECTRODE IN A GAS 


Physical Review 
Vol. XXXVIII, No. 9, 1656, November (1931). 


ABSTRACT 


_ An expression is derived for the current i between two electrodes, one of which emits (with 
uniform current density J,) electrons with an initial volt velocity, V,, when the electrodes are 
placed in a gas at such a pressure that the electrons suffer only elastic collisions. If V is the vol- 
ae between the electrodes, 4 the mean free path of an electron, the current is given by 

i = (1672/3) AC® 
where C is the electrostatic se sass between the electrodes and 
= (V/V_) In (1 + V/V). 

If the emitted electrons have a ea velocity distribution, this equation is applicable with 
slightly modified values of ©, V, now being replaced by 7/11,600 volts. 

IN SOME recent investigations! it was observed that the electron current from 
a negatively charged electron-emitting electrode in neon at 1 mm pressure 
did not reach a saturation value, but continued to increase with increasing applied 
potential, although the currents were so small that space charge effects could 
be neglected. The conditions of the experiment were such that the electrons, 
which were probably emitted with a uniform initial velocity, suffered elastic 
collisions with gas atoms, and the mean free path was so short that the energy 
gained from the field between collisions was small compared to the initial velo- 
city of electrons. It was thought that under these conditions, electrons leaving 
he electrode would, as a result of the elastic collisions, diffuse back to the 
cathode. The following paper contains the derivation of an expression for the 
current from an electron-emitting electrode as a function of voltage under these 
conditions. 

The motion of slow electrons moving in a gas under the influence of an 
electric field has been considered theoretically by Hertz? for conditions similar 
to those stated above except that the electrons were assumed to have zero initial 
velocity. In these investigations he obtained the following expression for the 
drift velocity of an electron 


(1) 








1 See recent letter to the editor. I. Langmuir and C. G. Found, Phys. Rev. 36, 604 (1930). 
* Hertz, Zeits. f. Physik 32, 278 (1925). 





[136] 
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where o is the velocity of an Acces along its path; v, the drift velocity of an 
electron in direction of the field; y = (e/m)(d V /dx) is the acceleration of an 
electron in the direction of the electric field; and A is the electronic mean free 
path. In this equation the 2nd term in the right member represents the effect 
of diffusion, the diffusion coefficient D being 


= (})oA. 


If the electron velocities were everywhere uniform throughout the gas as 
has often previously been assumed in considering the mobility of electrons, 
the effect of the field would be to cause a drift with velocity v, = yA/v. | 

The ist term in the right member of Eq. (1), however, is only 1/3 as great 
as this expression for the mobility. This is due to the fact that in Hertz’s deri- 
vation the electrons were assumed to make only elastic collisions with gas mole- 
cules and thus their velocities increase as they move into regions of more pos- 
itive potential. There is thus a thermal effusion effect by which the electrons 
tend to move back against the field. The result is that the net drift is any 1/3 
as great as if no increase of electron velocity occurred. 

Assuming that the electrons start from the electrode (0) with a nih 
velocity corresponding to V, volts, and that they suffer only elastic collisions 
with gas atoms, their velocity at any point is given by 


| (})mo? = (V+ Vi je (2) 
where V is the potential at the point relative to that of the emitting electrode. 


Differentiating, ‘we obtain 


e dV 
vdv = ~~ dx = = ydx 


and the concentration gradient is thus 


dn__ydn 
dx v dv’ (3) 
Combining Eqs. (1) and (3), the drift velocity is 
_ yall 1dn | 
"= 3 (i - n ie (4) 


It is not, in general, necessary that the maximum concentration gradient 
should lie in a direction coinciding with that of the maximum potential gra- 
dient. For the sake of simplicity, however, let us consider those cases in which 
at each point these two directions do coincide. The equipotential surfaces are 
then also surfaces of equal concentration 2, and n is thus a single-valued func- 
tion of V. We shall also restict ourselves to cases in which the currents are so 
small that space charge effects are negligible, i.e., the potential distribution 

g venis by integration of Laplace’s equation. 
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' Consider now a tube of force of small cross-section reaching from the emit- 
ting electrode (0) to a second electrode (1) which is at potential V,. Let A be 
the'cross-sectional area of the tube at any distance s measured along the tube 
and let L be the number of lines of force ({£,dA) contained in the tube. 

Then 





aV/ds = L/A. (5) 
_ The acceleration is then 
e L 

} ia = A (6) 
The drift current 7, along the tube of force is 
| i, = Anev,. (7) 
Therefore, combining Eqs. (6) and (7) 

v, %$.4m ‘ 


Substituting in Eq. (4) we obtain 
3i,m on dn 
@AL = V dv’ (9) 


Assuming that the free path / is the same throughout the length of the tube 
of force, then since 7, is also constant Eq. (9) may be integrated giving 


ol ied (<} (10) 





eal v 
where c is a constant of integration. 


To determine the integration constant we can insert the boundary condi- 
tion that the concentration at the electrode 1 (anode) is zero. 
‘Putting n = 0 for v = v, we find c = v, and Eq. (10) becomes 


_ 3i,mv Vv; 
At any point in the gas the random current density! is 
I, = (4)nev. (12) 


Inserting the value of n from Eq. (11) and expressing v in terms of V in © 
accord with Eq. (2) we obtain 


3 i,(V+V,) n (Pte) 
oni ies 5 am V+V,)° (13) 


In Eq. (9), ¢, and ZL are constant along the tube of force. We have, however, 
postulated that the equipotential surfaces lying between the two electrodes 


1 See I. Langmuir and K.'T. Compton, Rev. Mod. Phys. 3, 221 (1931). 
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are identical with the surfaces of equal concentration and therefore n, v and 
dnjdv are constant over any equipotential surface. We see then by Eq. (9) that 
the ratio i,/L, which is constant along any tube, must also have the same value 
for all tubes in the field and thus must be equal to i/LZ, where i is the total cur- 
rent between the electrodes and L, is the total number of lines of force passing 
between the electrodes. 

If all the lines of force which emanate from one electrode pass to the other, 
i.e., if the algebraic sum of the charges of the two electrodes is zero, then 


where C is the electrostatic capacitance between the electrodes in cm. 
Replacing i, and L in Eq. (13) by i and L, we thus obtain the result 


7. 3 ¢ ([V+Y¥, VitV, 
l= see ae | V, )t (Bt), (15) 


Let us denote by J, the random current density at the surface of the ca- 
thode as calculated from this equation, by placing V = 0. In order that the 
presence of the electrode shall be compatible with the conditions that we have 
assumed in the neighboring gas it is clearly necessary that the electrode should 
emit electrons (of uniform velocity corresponding to V, volts) with a uniform 
current density I, which thus corresponds to the saturation current density. 
The electrons must also be emitted in random directions, i.e., according to 
Lambert’s cosine law. 

If we have an emitting electrode which fulfils these conditions, we may 
thus calculate the current 7 that passes to the anode: 








i= AF 14CO (16) 


where the function ® is defined by 
| __ Uv 


(17) 


Values of ® for various values of V,/V, are given in Table I. 

As the anode voltage is raised the current increases in proportion to ®. Since 
the electrons are emitted with velocities corresponding to V, volts, the anode 
current falls to zero only when a retarding voltage of V, volts is applied. With 
accelerating voltages the current increases slowly but continuously. 

If both electrodes emit electrons with velocity V, and if the potential of 
one with respect to the other lies between —V, and +V,, the current must 
flow both ways so that the net current is to be obtained by applying Eq. (16) 
for each electrode in turn and taking the difference of these two currents (or 
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Tasre I 


Currents Produced by Electrons Emitted with Uniform Velocity. © is Defined 
by Eqs. a and (17) 


ViIV. ae © | Phe VV. © | ViIV. | © 
~1.0 0 on * 1.049 3 2.165 
~0.99 0.206 | 0.2 1.097 4 2.480 
0.9 0.390 0.3 1.140 5 2.79 
0.8 0.496 0.4 1.189 6 3.08 
0.6 0.655 0.6 1.276 8 3.64 
0.4 0.784 0.8 1.360 10 4.16 
0.2 0.895 1.0 1.445 15 5.42 
~0.1 0.949 1.5 1.637 20 - 6.58 

0 1.000 2.0 4820 | 30 | 1.820 30 8.75 


algebraic sum). When the voltage lies outside of the range —V, to +Vo, one 
or the other of the currents becomes zero so that a single application of Eq. 
(16) suffices. 

It should be kept in mind that Eq. (16) is strictly applicable only at such 
high pressures that the electron free path is small compared to the distance 
between the electrodes. Otherwise the boundary conditions which we have 
used, such as m = 0 at the anode, are not valid. 

We have seen that it was necessary for us to assume that J, is uniform over 
the cathode surface. If this condition is not fulfilled the surfaces of equal con- 
centration no longer coincide with the equipotential surfaces and the prob- 
lem of the current flow is then far more complicated than for the case we have 
treated. : 
It is also clear for the same reason that the foregoing method is not appli- 
able when there are two anodes at different potentials. This difficulty is ap- 
parent when we consider that according to our procedure nm must be placed 
equal to zero at each of these surfaces, although they are at different poten- 
tials. This violates our postulate that m is a single valued function of V. Two 
anodes at the same potential may, of course, be regarded as a single anode 
and Eqs. (16) and (17) are then applicable. 

Practical applications of Eq. (16) will usually be made with electrodes of 
simple shapes. Substituting the well-known expressions for the capacitance’ 
in Eq. (16) we obtain: 

For parallel planes, the net current per unit area flowing between the elec- 
trodes is 

I, = (4/3) 1p @A/a. (18) 

The current that flows is thus inversely proportional to the pressure and 
at high pressures may be very small compared to the saturation electron emis- 
sion Ip. 


1 See p. 198 of reference 3. 
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For coaxial cylinders the net current per unit length is 
4, = (87/3), @A/ In (r,/r9). (19) 


_ Here J, is the current density of the electron emission corresponding to 
saturation from the emitting electrode regardless of whether this is the outer or 
the inner cylinder. The radii of the cylinders are 7, and rp. 

For concentric spheres the total current is 


# = (1671/3) Ig PArors/(71—10) - (20) 


It should be noted that if the saturation current density I, from the inner 
and the outer cylindrical (or spherical) electrodes are equal, the actual cur- 
rents remain unchanged if the relative polarity of the electrodes is reversed, al- 
though the total saturation currents, if they could be obtained, would be pro- 
portional to the areas of the emitting electrodes. This conclusion can readily 
be tested by experiment. 

The source of the electrons from the emitting electrode may be one of many 
kinds, for example, photoelectric or thermionic. A case of particular interest 
in connection with a study of the un-ionized (or weakly ionized) regions beyond 
the end of a neon arc! is the liberation of high velocity electrons (ca. 10 volts) 
from the surfaces of electrodes by the action of metastable atoms which diffuse 
to these electrodes. The metastable atoms are generated throughout the gas 
by the action of ultraviolet light (broadened resonance lines) from the arc, 
at a rate proportional to the inverse cube of the distance from the end of the 
arc. Let us calculate the relative current densities J, of emitted electrons from 
the inner and outer cylinders under these conditions. 

If the electrodes are at a considerable distance from the end of the arc and 
the radiation passes parallel to the axis, then within the space between two 
cylindrical electrodes of short lengths we may assume a uniform rate of pro- 
duction of metastable atoms. The diffusion of these to the two electrodes is 
a problem essentially similar to that' of the potential distribution between 
cylinders if the space contains a uniform space charge o. 

Imposing the boundary conditions V = 0 at the surface of both cylinders, 
we find that the potential gradient at any point of radius r is 


dV (r3—1}) 
me aii) —2r] (21) 


where r, and r, are the radii of the outer and inner cylinders respectively. By 
' gubstituting first r = r, and then r = r, we find the potential gradients at the 
surfaces of the two electrodes. The ratio of these two gradients is equal to the 
ratio of the corresponding rates of arrival of metastable atoms per unit area 
and therefore should be proportional to the ratio J,/I, of the saturation cur- 


1 See p. 213 of reference 3. 
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rent densities (I,) of the emitted electrons from the two electrodes. In this 
way we find 


I, fs [r3—r}—2r7 In (r2/11)] 


T, — 7, {trian Ir,)] (22) 


For example, if r,/r, = 10 this gives I,/J, = —2.62 (the negative sign merely 
indicates that the currents flow in opposite directions). 
The corresponding equation for concentric spheres is 


I, ERG S| (7.+2r;) 
I; 7 (71:+2rs) (25) 
which gives I,/I, = —5.72 when r,/r, = 10. 

Thus we see that the current density J, at the inner electrode is greater 
than at the outer electrode if the electrons owe their origin to metastable atoms 
produced uniformly throughout the gas. It therefore follows from Eq. (19) 
that the net current will be greater (2.62 fold for r,/r, = 10) when the small 
inner cylindrical electrode is cathode than when the larger electrode is cath- 
ode, although if the currents were saturated the current in the former case 
would be smaller instead of larger (0.26 instead of 2.6 fold). 

We have thus far assumed that all the electrons are emitted with the same 
velocity V, volts. Although this may be roughly true for electrons emitted 
under the influence of metastable atoms, it will certainly not be a satisfac- 
tory approximation for thermal emission of electrons. By summation of the 
currents from each velocity group, we may calculate the net current produced 
by a Maxwellian velocity distribution. 

The total number of electrons per unit volume which have speeds (irre- 
spective of direction) lying between c and c+dc is given by! 


4an (m/2xkT)*!2 exp (—mc?/2kT) c*dc . 

Because of the relation expressed by Eq. (12) it follows that the contri- 
bution of these electrons to the random current density crossing any given 
plane is 

dI = nen (m[2nxkT)*! exp (—mc?/2kT) cdc. (24) 


Applying this to the surface of an electrode which emits electrons with a 
Maxwellian velocity distribution corresponding to temperature 7 and current 
density J), and integrating from c = 0 to c = oo we find 


I, = ne(kT/2xm)'? (25) 
Eliminating n between Eqs. (24) and (2y) we obtain 
dI = I,e- yo dno (26) 


1 This is obtained from Eq. (71) of Compton and Langmuir’s article, Rev. Mod. Phys, 
2, 205 (1930), by replacing h by 1/2kT. 
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where 
No = me?/2kT = Vye/kT = 11,600V,/T (27) 


if Vo is the emission velocity in volts. 

To calculate the net current between the two electrodes, we may insert the 
value of dI in place of J, in Eq. (16) and integrate from 7, = 0 to ) = 

In this integration the value of @ is obtained from Eq. (17) by placing 


Vi/Vo = n/N 
which by Eq. (27) is equivalent to 


7 = V,e/kT = 11,600V,/T (28) 
if V, is in volts. 
In this way we find 
t = (1672/3) I,Ac®, (29) 
where 
fey Th (1-F nix) it Pt 
or (30) 


®., = 7 (= intend) if | > 0 
—n 
The reason that the lower limit of integration must be changed when 7 is 
negative is that electrons whose initial velocities give 7»>< —7n cannot reach 
the collector. 


TaBLe II 


Currents Produced by Electrons Emitted with Maxwellian Velocities 
at Temperature; T ®, is aa by Egs. (29) and (30); 7 is Given by Eq. (28) 


n | te y | Pr | 7 | Pr 
—4 | 0.042 =e 2 | 0.892 4 | 2.358 
a, | 0.100 | 1.000 6 2.908 
=3 | 0.236 +0 : | 1.034 8 3.421 
—1 | 0.516 | 1.217 10 3.913 
—0.8 | 0.600 1.408 20 5.895 
—0.6 | 0.688 ; 1.748 30 8.170 
—0.4 | 0.787 3 | 2.051 50 11.892 


| = 

The values of 7 given in Table II have been calculated from Eqs. (30) by 
Simpson’s rule or by series expansion. They are believed to be accurate within 
one or two units in the last figure. Comparison with Table I shows that for 
values of 7 and V,/V, which are equal, the values of ®, and @ are very nearly 
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equal when 7 is greater than about —0.6. By Eq. (28) we see that this means 
that, except for large negative voltages, no great error is made if the thermally 
emitted electrons are considered to have a uniform energy corresponding to 
T/11,600 volts. 

Experiments which will probably be described in a paper by C. G. Found 
and the writer have given results which are explicable in terms of the theories 
here presented. The writer is much indebted to Mr. Found for assistance in 
the preparation of this paper. 
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A NEW VACUUM GAGE OF EXTREME SENSITIVENESS! 


Physical Review 
Vol. I, No. 4, 337, March (1913). 


AT very low pressures the viscosity of gases is one of their most marked charac- 
teristics. This property is made use of in the new gage. 

The gage consists of a rotating disk above which is suspended, by a quartz 
fiber, another disk carrying a mirror. The viscosity of the gas causes it to be 
set in motion by the lower disk and this motion produces a torque on the upper 
disk which can be measured in the usual way by a beam of light reflected from 
the mirror. 

The rotating disk is made of thin aluminium and is attached to a steel or 
tungsten shaft mounted on jewel bearings and carrying a magnetic needle. 
The suspended disk is of very thin mica. The lower disk can be rotated easily 
at a speed of 10,000 r.p.m. by means of a rotating magnetic field produced 
outside of the bulb containing the two disks. This field is most conveniently 
obtained by a Gramme ring supplied with current at six points from a commu- 
tating device run by a motor. In this way the speed of the motor determines 
absolutely the speed of the disk, since the two revolve in synchronism. The 
speed of the disk may thus be varied at will from a few revolutions per minute 
up to 10,000 or more. | 

The sensitiveness of the gage is extremely great. At 1000 r.p.m., with a scale 
at about 60 cm distance, we obtain about 400 mm deflection for 0.001 mm 
of air. We find the“deflection exactly proportional to the pressure below about 
0.01 mm, proportional to the speed of the revolving disk and practically inde- 
pendent of the distance between the two disks. For different gases at the same 
pressure the deflections are proportional to the square root of the molecular 
weight. All these facts are in accord with the kinetic theory. At 10,000 r.p.m., 
one mm deflection corresponds to 0.00000025 mm. There should therefore 
be no difficulty in detecting pressures as low as 10-7 mm. - 


1 Abstract of a paper presented at the New Haven meeting of the Physical Society, March 1, 
1913. 
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A HIGH VACUUM MERCURY VAPOR PUMP 
OF EXTREME SPEED 


Physical Review 
Vol. VIII, No. 1, 48, July (1916). 


ASPIRATORS or ejectors in which a blast of steam or air is used to produce 
a partial vacuum have been in use many years. For example the vacuum in 
the automatic vacuum brake system is obtained by such a device. The Par- 
sons’ vacuum augmenter used in the condensers of steam turbines produces 
a pressure as low as a few centimeters of mercury. 

In these devices the high velocity of the jet of steam causes, according to 
hydrodynamical principles, a lowering of pressure, so that the air to be exhausted 
is sucked directly into the jet. If, however, the jet were surrounded by a per- 
fect vacuum it can be readily seen from the principles of the kinetic theory 
that there would be a blast of gas molecules escaping from the jet into this 
vacuum. It is therefore not possible to obtain a very high vacuum by means 
of an instrument based on the principle of the ordinary ejector or aspirator. 

The action of the aspirator or ejector, however, really consists of two pro- 
cesses, 

1. The process by which the air is drawn into the jet. 

2. The action of the jet in carrying the admixed air along into the conden- 
sing chamber. 

The aspirators cease operating at low pressures because of the failure of 
the first of these processes. If air at low pressures could be made to enter 
the jet, and if gas escaping from the jet could be prevented from passing back 
into the vessel to be exhausted, then it should be possible to construct a jet 
pump which would operate even at the lowest pressures. 

Gaede! has recently described a pump (called the diffusion pump) in which 
a blast of mercury vapor carries along the gas to be exhausted into the con- 
denser in much the same way as the steam aspirator does (Process 2). In or- 
der to introduce the gas into the blast of mercury vapor (Process 1), Gaede 
has used diffusion through a porous diaphragm, or through what amounts 
to the same thing, a slit of a width comparable with the mean free path of the 
mercury atoms in the blast. A portion of the mercury blast escapes through 


1 Ann. Phys. 46, 357 (1915). 
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the slit, and the gas to be exhausted diffuses in against this blast of mercury 
vapor. This renders it necessary to make the slit very narrow (about 0.1 mm) 
and for this reason the speed of the pump is necessarily relatively low. 

Gaede defines the speed of a pump S by the equation 


_ Pe 
S = rr air a 
where V is the volume of the vessel being exhausted and t is the time required 
for the pressure to fall from p, to p. 
Gaede gives some interesting data on the speed of his various pumps 
when exhausting air at about 0.001 mm pressure. 


Rotary mercury pump S = 120 cc. per sec. 

Molecular pump S = 1300 cc. per sec. 

Diffusion pump S = 80 cc. per sec. 

The great advantage of the diffusion pump is that the value of S re- 
mains constant down to the lowest pressures, whereas with all other forms 
of pump the value of S rapidly decreases when the pressure becomes much 
less than 0.001 mm. 

Some time ago it occurred to the writer that there should be other methods 
by which the gas to be exhausted may be introduced (Process 2) into the blast 
of mercury vapor. The serious limitation of speed imposed by the slowness 
of diffusion through narrow slits may thus be overcome. 

Several methods have been found by which this may be accomplished. 
One of the types of pump which has given satisfactory results is that shown 
in the sketch (Fig. 1). 

In this device a blast of mercury vapor passes upward from the heated 
flask A through the tubes B and C into the condenser D. Surrounding B is 
an annular space E connecting through F and the trap G with the vessel to 


1 A preliminary announcement of the development of this pump was made April, 1916, by 
Miss Helen Hosmer (General Electric Review 19, 316 (1916)). Dr. H. B. Williams showed be- 
fore the New York meeting of the American Physical Society (Feb. 26, 1916) a mercury vapor 
pump constructed entirely of glass which, unlike Gaede’s pump, did not depend on diffusion 
through a narrow slit. This pump was subsequently described by Dr. Williams in an abstract 
in the Physical Review 7, 583 (1916). In regard to this abstract Dr. Williams has requested 
me to make the following announcement in his behalf: 

“In describing recently before the Physical Society a mercury vapor pump, I stated that 
before carrying out the experiments I had in mind with a view to improving the Gaede type, 
I learned through Professor Pegram of Columbia that Dr. Irving Langmuir was already work- 
ing with a pump in which the slit had been discarded and diffusion took place through a wide 
opening. I therefore constructed my own pump with a wide opening instead of experimenting 
with various widths as had been my original intention. In writing an abstract I omitted to make 
this acknowledgment owing to a desire to condense the abstract and because I expected to 
make such an acknowledgment later in print. The publication of a description of Dr. Lang- 
muir’s pump makes it seem desirable that this statement be made at the same time. H. B. Wil- 
liams.”’ 


16° 
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be exhausted. The tube C is enlarged into a bulb H just above the upper 
énd of the tube B. This enlargement is surrounded by a water condenser J 
from which the water is removed at any desired height by means of the tube 
K which is connected to a water aspirator. The mercury condensing in D 
and H returns to the flask A by means of the tubes ZL and M. The tube N 
connects to the “trough” or ‘‘backing” pump which should maintain a pres- 
gure considerably lower than the vapor pressure of the mercury in A. 





In this pump, the mercury atoms escaping from the upper end of the tube 
B, radiate out in all directions. A part of them passes up into C, but the 
larger part strikes the walls of the eglargement H. 

If there is no water in the condenser 7 the mercury which condenses on 
the walls re-evaporates nearly as fast as it condenses. The molecules passing 
from the end of the tube B towards the walls H collide with the molecules 
which re-evaporate and may then be deflected downward into the annular 
space E. This blast of mercury vapor down through E prevents the gas 
from F from passing up into H so that under these conditions the gas from 
F may pass through the pump much more slowly than if no mercury vapor 
were produced in A. 

On the other hand, when cold water circulates through the condenser 7, 
all the mercury atoms striking the walls of H are condensed, so that no mer- 
cury passes down through E. The gas from F thus passes freely up through E 
and when it meets the mercury vapor blast at P is blown outward and upward 
along the walls of the condenser H, and finally forced into the main stream 
of mercury vapor passing up through C into the condenser D. 


Google 


A High Vacuum Mercury Vapor Pump of Extreme Speed 149 


The main advantages of this pump are: 

1. Simplicity and reliability. 

2. Extremely high speed. 

3. Absence of lower limits to which the pressure may be reduced. 

The speed of a pump like that shown in the sketch has been determined 
for air and hydrogen. 

A vessel of eleven liter capacity was connected to R. Air was samnitted to 
the vessel, and the pressure was found to decrease as follows: 








Pressure 
Time (bars) Time interval Speed S 
(seconds) = | ~D (seconds) (cc. per sec) 
0 1470 1160 | 
30 294 720 rh see 
= 30 1150 
60 12.8 218 > 20 3700 
80 0.015 18 


The rough pump used had a speed of about 200 cc. per second at pressures 
of 400 bars, but this speed fell off to 60 cc. at 40 bars, and became zero at 
about 10 bars’ pressure. The speed of the mercury vapor pump increased 
rapidly as the pressure decreased and reached a limit of about 4000 cc. per 
second at pressures below 10 bars. Theoretical considerations would indicate 
that this speed should remain constant down to the very lowest pressures. 

Several experiments with hydrogen showed that the maximum speed with 
this gas was about 7000 cc. per second. 

The pump shown in the sketch is made of glass. Many pumps operating 
on these principles have also been constructed of electrically welded sheet iron. 

In a subsequent paper the writer will describe in more detail other modi- 
fications of mercury vapor pumps, some of which have marked advantages 
in simplicity of construction and in reliability of operation over that shown 
here. One particularly efficient type of pump is made wholly of metal. 

The writer is greatly indebted to Dr. S. Dushman for assistance in the 
development of the new pump. 
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THE CONDENSATION PUMP: AN IMPROVED FORM 
OF HIGH VACUUM PUMP” 


Journal of the Franklin Institute 
Vol. CLXXXII, 719, December (1916). 


IN A RECENT article in the Physical Review! the writer described a new form 
of mercury vapor vacuum pump, which was characterized by its extreme speed 
and the high degree of vacuum attainable. The preceding paper was merely 
a preliminary announcement of the new type of pump and no attempt was 
made to describe more than one form of the pump. In fact it was stated 
that ‘‘In a subsequent paper the writer will describe in more detail other 
modifications of mercury vapor pumps, some of which have marked advan- 
tages in simplicity of construction and reliability of operation over that shown 
here.” 

The object of the present paper is therefore to describe these improved 
pumps. Before doing this, however, it will be desirable to describe the ori- 
ginal pump. 

The original type of pump is shown diagrammatically in Fig. 1. 

In this device a blast of mercury vapor passes upward from the heated 
flask A through the tubes B and C into the condenser D. Surrounding B is 
an annular space E connecting through F and the trap G with the vessel to 
be exhausted. The tube C is enlarged into a bulb H just above the upper 
end of the tube B. This enlargement is surrounded by a water condenser F 
from which the water is removed at any desired height by means of the 
tube K which is connected to an aspirator. The mercury condensing in 
D and H returns to the flask A by means of the tubes L and M. The 
tube N connects to the ‘“‘rough” or ‘‘backing” pump which should 
maintain a pressure considerably lower than the vapor pressure of the 
mercury in A. 

This pump operated extremely satisfactorily but was rather difficult 
to make. Trouble was frequently experienced by some liquid mercury 
collecting at the bottom of the annular space E. This mercury by being 


[Eprror’s Nore: This article was printed in the Gen. Elect. Rev. 19, 1060 (1916).] 


* Communicated by the author. 
* Langmuir, Phys. Rev. 8, 48 (1916). 
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in contact with the hot tube B gave off vapor which produced a blast 
passing upwards into the annular space EF. Some of this mercury vapor 
flowed out along the tube F and interfered with the free passage of gas 
from F into the pump. 

This difficulty may be avoided by the construction shown in Fig. 2. 
A circular trough, separated from B, is provided in which the mercury 
may collect before flowing out through M. This prevents the mercury 
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Fic. 1. First form of condensation pump. 


from being heated to a temperature high enough to give off troublesome 
quantities of vapor. In pumps of the type shown in Fig. 1 the difficulty 
could be easily overcome by directing a jet of air against the glass walls of 
the annular space E just below its junction with F. Tilting the apparatus 
slightly so that the mercury drained out more readily into the tube M also 
proved useful. 


The Improved Type of Glass Pump 


Completely to avoid these difficulties the design shown in Fig. 3 
was adopted. In this pump, mercury vapor from the flask A is carried 
through the thermally insulated tube B to the nozzle L. The vessel to be 
exhausted is connected to R. The gas from this vessel passes through 
the trap G and the tube F into the annular space EZ. At P this gas comes 
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into contact with the mercury vapor blast issuing from the nozzle LZ and 
is thus forced outward and downward against the walls of the tube C 
and is finally driven down into the space D from which it escapes into 
the rough pump connection N. The mercury which condenses on the sides 
of the water-cooled tube C passes back through the tube M into the 
boiler A. 

By this construction none of the mercury which condenses passes into 
the annular space E and thus the troublesome blast of mercury into the tube F 
is wholly avoided. The glass-blowing work on this type of pump is also much 
less difficult than on the earlier type. 





Fic. 2. Special construction designed to prevent overheating 
of the condensed mercury. 


In the pump shown in Fig. 1 a part of the mercury vapor condensed on 
the walls of the enlargement H, but the larger part passed up into the air- 
cooled condenser D. In the newer pump (Fig. 3) the enlargement of the 
tube C and the second condensing chamber are eliminated entirely. This 
greatly simplifies the construction without materially affecting the operation 
of the pump. It is true that the speed of operation appears to be somewhat 
higher in the type containing the enlargement, but the speed of these pumps 
is usually so excessive even without the enlargement that a further increase 
in speed serves no useful purpose. 

In order that the pump may functionate properly it is essential that the 
end of the nozzle L (Fig. 3) shall be located below the level at which the water 
stands in the condenser 7. In other words, the overflow tube K must be placed 
at a somewhat higher level than the lower end of the nozzle as is indi- 
cated in the figure. The other dimensions of the pump are of relative unim- 
fortar.ce. The distarce Letween ZL and D must be sufficiently great so that 
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no perceptible quantity of gas can diffuse back against the blast of mercury 
vapor, and so that a large enough condensing area is furnished. 

The pump may be made in any suitable size. Some have been constructed 
in which the tube B and the nozzle ZL were one and a quarter inches in 
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Fic. 3. Improved form of condensation pump. 


diameter while in other pumps this tube was only one-quarter inch in dia- 
meter and the length of the whole pump was only about four inches. The 
larger the pump the greater the speed of exhaustion that may be obtained. 


Operating Characteristics 


In the operation of the pump the mercury boiler A is heated by either gas 
or electric heating so that the mercury evaporates at a moderate rate. A ther- 
mometer placed in contact with the tube B, under the heat insulation, 
usually reads between 100° and 120°C when the pump is operating satisfactorily. 
Under these conditions the mercury in the boiler A evaporates quietly from 
its surface. No bubbles are formed so there is never any tendency to bumping. 

Unlike Gaede’s diffusion pump, there is nothing critical about the adjust- 
ment of the temperature. With an electrically-heated pump in which the nozzle 
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L was 7/8 inch in diameter, the pump began to operate satisfactorily when 
the heating unit delivered 220 watts. The speed of exhaustion remains prac- 
tically unchanged when the heating current is increased even to a point where 
about 550 watts ia applied. 

The back pressure against which the pump will operate depends, however, 
upon the amount and velocity of the mercury vapor escaping from the nozzle. 
Thus in the case above cited, with 220 watts, the pump would not operate 
with a back pressure exceeding about 50 bars,? whereas with 550 watts, back 
pressures as high as 800 bars did not affect the operation of the pump. 


General Theoretical Considerations Regarding Vacuum Pumps 


Vacuum pumps are characterized principally by three factors. 

1. Back pressure against which the pump may be operated. This is the 
pressure on the exhaust side of the pump, as for example at N in Fig. 3. 

2. Speed of the Pump.—Gaede has defined S, the speed of a vacuum 
pump, by the equation 


_V ih 
S=int (1) 


where ¢ is the time required for the pump to reduce the pressure from p, to 
p in a vessel having the capacity V. The speed is thus measured in cc. per 
second, 

In the case of a piston pump this is approximately equivalent to the piston 
displacement per second. 

3. Degree of Vacuum Attainable.— This is the lower limit to the pressure 
which may be obtained in a closed vessel connected to the pump. 

For convenience we shall refer to the back pressure acting on the pump 
as the exhaust pressure while the pressure at which the gas enters the pump 
we shall call the intake pressure. 

Most mechanical pumps of the piston type are built to exhaust at atmo- 
spheric pressure. But mechanical rotary pumps are frequently designed to 
be used in series with ‘‘rough pumps” in which case they operate with an 
exhaust pressure of a few hundredths of a megabar (1-5 cm of mercury). 

Newer forms of pump, such as Gaede’s molecular pump and diffusion 
pump require still lower exhaust pressures (approximately 10-100 bars, 
roughly 0.01 to 0.1 mm of mercury). Such pumps are always used in series 
with good mechanical pumps. 

The type of mercury vapor pump shown in Fig. 3 operates with exhaust 
pressures ranging from 50 to 800 bars depending upon the amount of heat 
supplied to the boiler A. 


* The bar is the c.g.s. unit of pressure: one degree per sq. cm. One bar is equal 
to a pressure of 0.00075 mm of mercury or about one millionth of an atmosphere. 
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With the exception of Gaede’s molecular pump, which gives a maximum 
speed of about 1300 cc. per second, mechanical high vacuum pumps have 
not had speeds exceeding 100 or 200 cc. per second. Gaede’s rotary mercury 
pump, for instance, gives a speed of about 120 cc, per second. In nearly all 
cases the speed of a pump is practically independent of the exhaust pressure 
against which it operates unless this is raised above a certain rather critical 
value at which the pump ceases operating satisfactorily. 

With most types of vacuum pump the degree of vacuum attainable depends 

to a large extent on the exhaust pressure used. This is usually due to leak- 
age back through the pump. In the Gaede molecular pump, operating at 
low pressures, there is a strict proportionality (about 50,000:1) between the 
exhaust pressure and the lowest attainable intake pressure. 
‘ When a pump has lowered the pressure nearly to its limiting value the 
speed of exhaustion decreases even though the speed of the pump remains the 
same. If S is the ‘‘speed of the pump” and E is the speed of exhaustion, 
then for a pump with which the lowest attainable pressure is p» we may 
define E and S as follows: 













—Po at 
_ydinp  V dp 
E=V oo ae (3) 
From these we obtain 
E= s(1— fe (4) 


The ‘“‘speed of the pump” S, thus defined, usually remains practically 
independent of the pressure. If p) = 0 is the limiting value of the pressure 
then the ‘‘speed of exhaustion”’ E is identical with S, the speed of the rump. 
In other cases the speed of exhaustion decreases as the pressure approaches 
p> and becomes zero when the limiting pressure is reached. 

In operating vacuum pumps of high speed it is essential to use tubing of 
large diameter between the pump and the vessel to be exhausted if full ad- 
vantage is to be taken of the speed of the pump. Knudsen® has calculated 
according to the kinetic theory the rate at which gases at low pressures can flow 
through tubing and has thoroughly checked these theoretical results by careful 
experiments. 

Knudsen considered especially the ‘‘molecular flow” of gases through tubes 
at pressures so low that the collisions of the gas molecules with each other 
are of relatively rare occurrence as compared with the collisions between the 
gas molecules and the walls of the tubes. This molecular flow takes place at 


* Ann. Physik. 28, 76 (1909). 
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pressures at which the ‘‘mean free path’ of the molecules is large combats 
to the diameter of the tube. 

Knudsen finds that the quantity of gas g which flows per second through 
a tube is given by the equation: 


Pai 
Son W Wyo, (5) 
The quantity of gas g is measured by the product of volume and pres- 
sure. Thus 





q= oe"). | (6) 


The pressure is preferably to be expressed in bars (dynes per sq. cm). 
@: is the density (grams per cubic cm) of the gas at unit pressure. From the 
gas law pV = RT it is easily seen that the density of a gas is given by 


_ 2M 
= "RT (7) 
where M is the molecular weight, T is the absolute temperature and R is 
the gas constant 83.15x10* ergs per degree. If we place p = 1 we obtain 
. M 
= RT: (8) 


In equation 5, W is the ‘‘resistance” which the tube offers to the flow of 


Knudsen finds that it is equal to 


_ 37x ¢ 0 


© d= 0.4700 [ 2 di 
gyal 4700 [ (9) 


where A is the area and o is the perimeter of the cross section of the tube. 
For circular tubes of diameter D and length L this becomes 


Wee 230. (10) 
Vy 2x D® D* 


In the case of openings in thin plates Knudsen® gives 


/2x 2.507 
WalPa (11) 


where A is the area of the opening. 


* See Dushman, Gen. Electric Rev. 18, 1042 (1915). 
5 Ann. d. Physik 28, 999 (1909). 
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Combining Equations 5, 8, 10 and 11 gives, for long circular tubes: 


4, = Vy / EE Dp, py) = 300. Vane 02) 


and for nepeninge in Foe 


= Vea ACP) = 368-Y/ FA). (13) 


These equations are strictly accurate only when the diameter of the tube 
or opening is very small compared to the mean free path. From Knudsen’s 
experimental data, however, it may be shown that as long as the mean free 
path is not less than 0.4 of the diameter of the tube, the Equation 12 gives 
results accurately within about 5 per cent. With air at room temperature and 
at a pressure of p bars the mean free path / is A = 8.6/p centimeters. 

Thus in the case of a tube one centimeter in diameter the Equation 12 
would be accurate within 5 per cent for all pressures below about 21 bars. 

At higher pressures the quantity of gas flowing through a tube becomes 
much greater than that calculated by Equation 12. For these higher pressures 
the flow may be calculated from the viscosity 1 by Poiseuille’s equation: 


" «x ~Dp 
93 = 128 pL (PsP) (14) 


where g is expressed in the same units as in Equation 5. This equation is of 
a totally different form from those applicable at low pressures. To make 
this clearer let us apply these equations to the case of air at room tempe- 


rature (M = 28.8; T = 293). The viscosity 7 of the air at 20°C is 181x10- 
(c.g.s. units). Equations 12, 13 and 14 thus become 


a, = 12,130-7-(px—Pr). (124) 
da = 11,700 A (p.—p,). (13a) 
g, = 136. p(PaPr): (14a) 


With a tube 1 cm in diameter and 10 cm long with a difference of pressure 
(Ps—P:) of 1 bar we find g, = 1213 cc. per second, and g, = 13.6 pcc. per 
second. These represent the quantities of gas flowing through the tubes measu- 
red in terms of the volume which the gas would occupy at one bar pressure. 
If the volumes of gas were measured at atmospheric pressure (10° bars) the 
volumes would be one millionth as great. In other words, at very low pressures 
0.001213 cc. of gas per second would flow through the tube, while at atmos- 
pheric pressure (p = 10*) 13.6 cc. per second would flow, or more than 
10,000 times as much gas. 

This indicates the relatively enormous resistance which tubes offer to the 
passage of gases at very low pressures. It should be noted, however, that 
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this resistance increases as the pressure is lowered only until the state of mole- 
cular flow is reached, while for lower pressures the resistance remains constant. 

Let us now consider a pump having a speed S, connected to a vessel 
of volume V by means of a tube of diameter D and length L. What will be 
the rate at which the vessel is exhausted? 

We will assume that the volume of the tube is negligible compared to the 
‘volume of the vessel, and that the limiting pressure for the pump is p, = 0. 
We obtain from (2) and (6) 

d(pV) 


Sip; = dt =¢ (15) 


in which p, is the pressure at the pump intake and q is the quantity of gas which 
flows per second through the tube. 

Now the pump, connected through the tube, exhausts the vessel V at a rate 
which is less than if the pump were directly connected to the vessel. The pump 
and tube together, however, constitute a system which is the equivalent of 
a pump of lower speed, say S,. The rate at which gas leaves the vessel to enter 
the tube is thus S,p3, where p, is the pressure in the vessel. This is also equal 
to q, the rate at which the gas passes through the tube. Thus we have 





Ssps= 4. (16) 
Solving (15) and (16) for p, and p, and substituting in (5), we obtain 
1 1— — 
ame ad VA (17) 


The quantity Wj/p, represents the resistance to flow offered by the tube. 
The quantity 1/S, must also be of the nature of a resistance: the resistance of 
the pump to the passage of the gas through it. That is, the pump itself may 
be looked upon as the equivalent of a very large, perfectly exhausted vessel 
connected to the apparatus to be exhausted by a tube offering a certain resis- 
tance. Knudsen has already defined the term resistance of tube by Equation 
9 and it is desirable to retain this definition, since resistance thus defined 
is a function only of the dimensions of the tube and not of the kind or tempe- 
rature of the gas flowing through it. 

By analogy with electrical usage, we may thus define Wy/’p, as the ‘‘impe- 
dance” of the tube. This ‘‘impedance” will depend on the temperature and 
nature of the gas in a way not entirely dissimilar to the way impedance depends 
on frequency. The quantity 1/.S, is thus to be called the ‘‘impedance” of the 
pump, and 1/.S, is the ‘‘impedance”’ of the pump and tubing in series. 

In this way we may calculate the speed of exhaustion through complicated 
systems in much the same manner as the calculations are made for electrical 
circuits. The effect of two tubes or more in series is obtained by adding their 
“impedances”. With tubes in parallel, their ‘‘admittances” (reciprocal of 
impedance) are added. 
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Since it is usually more convenient to deal with the speed of a pump rather 
than with its reciprocal, it will also be convenient to express the characteristics 
of tubes in terms of their “‘admittance”. This is a quantity of the same kind 
as S, the speed of the pump. In general, the ‘‘admittance’”’ of a tube or opening 
may be defined by 





ee. er 
Pai (18) 

Thus the admittance may be calculated for any case from Equations 5, 12, 
13, 14, 12a, 13a, or 14a, merely by plating p,—p, = 1. As an illustration, in 
the case of a tube 1 centimetre in diameter and 10 centimetres long, with air 
at room temperature, we find from (12a) and (14a) that the admittance of the 
tube is 1213 cc. per second at low pressures and 13.6 xp cc. per second at high 
temperatures. 

If we place such a tube in series with a high vacuum pump having a speed 
S = 1213 cc. per second, it will evidently cut the effective speed of the pump 
down to one-half its former value, namely, 606 cc. per second. 

Thus, with a pump which has a speed S = 4000 cc. per second (and such 
speeds are easily attainable with mercury vapor pumps), if we wish to use a tube 
which does not reduce the effective speed by more than 10 per cent, we must 
‘use a tube which has an ‘‘admittance”’ of at least 36,000 cc. per second. From 
Equation 12a, we see that for a tube of this kind D*/Z must be at least 2.97. 
Thus if a tube 30 cm long is to be used, the diameter must be at least 4.5 cm. 

These results indicate how seriously the speed of a mercury vapor pump 
may be limited by the resistance of the tubing unless this is of very great size. 

We have thus far considered the action of the pump in lowering the pres- 
sure in a vessel. This process can not go on indefinitely, for the pressure finally 
becomes lowered to a point at which the leakage of gas into the apparatus pre- 
vents a further decrease of pressure. A stationary condition is then reached. 

The leak which limits the pressure may be in the pump itself, or in the vessel 
being exhausted. The first case is equivalent to that we have already consider- 
ed, in which there is a lower limit p, to the pressure attainable by the pump. 
The rate of flow of gas into the pump is then S,(p,—p). 

The gas leaking into the vessel does not, in general, pass through the walls 
of the vessel, but is given off from the walls of the vessel or from bodies within 
it. Let g, be the rate at which such gas escapes into the vessel. Then when 
a stationary condition has been reached, this rate will be equal to the rate at 
which the gas is being removed by the pump, namely, S,p, where S, may 
be calculated from the speed of the pump S, and the ‘‘admittance”’ of the con- 
necting tube. The lowest pressure obtainable in the vessel is thus 


p= (19) 
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~ ‘This equation shows that the degree of vacuum which may be reached, 
even by a pump for which p, = 0 is limited by the speed of the pump and 
the size of tubing between the vessel and the pump. 

Measurements of pressure by various forms of supersensitive vacuum gages® 
have shown that the rate of evolution of water vapor from glass surfaces at 
room temperature is such that pressures below 0.2 bar could not be obtained 
even when using a molecular pump (S, = 870 cc. per second) continuously 
for an hour. In this case we can calculate by Equation 19 that the rate of evolu- 
tion g, must have been 170 cc. (of gas at 1 bar pressure) per second. This cor- 
responds to 0.00017 cc. of gas at atmospheric pressure per second, or 0.62 cc. 
of water vapor per hour. In this case the surface of glass was about 1800 sq. cm. 

After heating the glass for half an hour or more to 360°, this evolution of 
water vapor (at room temperature) is reduced many thousand fold, but even 
then, it is not avoided entirely. The limit to the pressure actually attainable 
by means of mercury vapor pumps seems to depend entirely upon this evolution 
of gas from the walls of the vessel and tubing, and not upon any inherent limit- 
ation in the pump itself. 

Since the mercury vapor pumps are used in series with a rough pump, it 
is of interest to know what the speed of the rough pump should be to allow 
the mercury vapor pump to operate at maximum efficiency. Suppose we have 
a mercury vapor pump having, together with its connecting tubing, the effective 
speed S,. Let this be connected to a vessel V containing gas at a pressure py. 
We have seen that the speed of mercury vapor pumps is practically indepen- 
dent of the exhaust pressure so long as this does not exceed a certain critical 
value, say p,. Thus, to obtain the full effectiveness of the pump, it is only neces- 
sary to have a rough pump having sufficient speed (S,) to maintain a pressure 
lower than p,. Under these conditions the quantity of gas per second being 
delivered by the mercury vapor pump is S,p,, and this must be equal to the 
quantity removed by the rough pump, namely S,p,, from which we find 


Ss oa Sy. (20) 


In other words, the maximum speed of the mercury vapor pump may be 
realized if the speed of the rough pump is less than that of the mercury vapor 
pump in the ratio p,:p,. Ordinarily, the pressure p, for a mercury vapor pump 
is about 200 bars, so that if it is used to exhaust a vessel at ten bars pressure 
the speed of the rough pump need not exceed one-twentieth of that of the 
mercury vapor pump. The only advantage, then, in using a faster rough pump 
is that the maximum speed may still be obtained even with pressures higher 
than 10 bars. 

In case the speed of the rough pump is not sufficient to maintain a pressure 
lower than p,, then the mercury vapor pump will not operate at maximum 


* See, for instance, Dushman, Phys. Rev. 5, 224 (1915). 
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speed, but will deliver gas to the rough pump at such a rate that the pressure 
on the exhaust side of the mercury vapor pump will remain substantially con- 
stant at p,. Thus the speed of the mercury vapor pump under these conditions 
will vary with p, according to the equation 

S,= = S. 


Theory of the Operation of the Condensation Pump 


For a number of years the writer has been convinced that the collisions 
between gas molecules and a solid or liquid body against which they may strike, 
are in general almost wholly inelastic. Each molecule which strikes a surface 
thus condenses on the surface instead of rebounding, although it may subse- 
quently re-evaporate. This condensation takes place just as well at high tem- 
peratures as at low, but at high temperatures the re-evaporation may occur 
so soon that it is difficult to detect the condensation. In this case the conden- 
sed molecules constitute an adsorbed film. The condensed particles, before 
they re-evaporate, are held to the surface by the same kind of forces as those 
which hold solid bodies together. This leads to a theory of adsorption which 
is in excellent agreement with experimental facts. 

A general review of the above theory and of the evidences supporting it, 
has recently been published.” 

It was by a direct application of these ideas that the writer was led to con- 
struct a high speed ‘mercury vapor pump. 

Gaede,® in connection with a study of the diffusion of gases through mer- 
cury vapor at low pressures, devised a new form of high vacuum pump which 
he has called the ‘‘diffusion pump.” Before describing the mercury vapor 
diffusion pump, Gaede illustrates the principles underlying the action of such 
pumps by means of the water vapor pump shown diagrammatically in Fig. 4. 
A blast of steam passes through the tube AB, past the porous clay diaphragm C. 
The vessel to be exhaused is connected to the tube E and the appendix D is 
cooled by a mixture of ether and solid carbon dioxide. Steam diffuses through 
the diaphragm from left to right and is condensed at D and is thus prevented 
from passing into EZ. On the other hand, the air in the vessel to be exhausted 
passes into C and D and diffuses through the diaphragm from right to left 
into the steam, where it is carried away by the blast of steam. By a pump of 
this type Gaede was able to obtain an X-ray vacuum in about two hours. The 
great fault of this pump was its slow speed. 

Gaede develops a simple theory of the pumps which use a clay diaphragm 
and finds that the speed can be increased either by increasing the surface of 

7 The Evaporation, Condensation and Reflection of Molecules and the Mechanism of Ad- 
sorption. Phys. Rev. 8, 149 (1916). 

* Ann. d. Physik. 46, 357 (1915). 


11 Langmuir Memorial Volumes III 
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the diaphragm or by decreasing its thickness. If the thickness could be made 
zero, according to this simple theory, the speed would become infinite. He 
concludes that this equation does not apply to this case, and therefore proceeds 
to derive another, based on the kinetic theory. According to this theory, a porous 
diaphragm is equivalent to a large number of openings of dimensions compar- 


B E 


Fic. 4. Diagrammatic representation of one form of diffusion pump. 


able with the mean free path of the molecules. Gaede therefore calculates the 
rate at which one gas diffuses into a small hole in a thin plate out through which 
a second gas is escaping. In this way he finds that the first gas diffuses in at 
a maximum speed when the size of the opening is approximately equal to the 
mean free path of the second gas. 


He thus determines the construction which will give a diffusion pump of 
the maximum speed. The design adopted for the mercury vapor diffusion 
pump is essentially that shown in Fig. 5. A blast of mercury vapor passes up 
through the tube AB past the narrow circular slit C. A part of the mercury 
vapor passes out through this slit and condenses on the water-cooled surface D. 
The gas from the vessel to be exhausted passes through E and diffuses into 
the slit C against the escaping blast of mercury vapor. After it enters C it is car- 
ried away from the slit by the blast of mercury vapor and is thus effectively 
prevented from returning back through the slit. 

It is evident that the speed with which the gas from E diffuses into the slit 
will have a maximum value for some particular width of slit. If the slit is too 
wide, the blast of mercury vapor escaping from it will be of such a volume 
that the gas molecules will not be able to diffuse appreciably against it. Gaede 
calculates and then shows experimentally that the maximum speed is obtained 
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when the width of the slit is made approximately equal to the mean free path 
of the molecules in the mercury blast AB. 

In the actual operation of the pump, Gaede finds it best to use such a pres- 
sure of mercury vapor that the maximum speed is obtained with a slit width 
of 0.012 cm. The maximum speed then obtainable is S = 80 cc. per second. 

Such relatively low speeds are inherent in pumps in which the gas must 
diffuse in through an opening against a blast of mercury vapor. 





Fic. 5. Diagrammatic representation of another form of diffusion pump. 


While constructing and operating a Gaede diffusion pump, it occurred to 
the writer that this serious limitation of speed could be removed if some other 
way could be found to bring the gas to be exhausted into the stream of mer- 
cury vapor. The action of a pump such as Gaede’s diffusion pump really con- 
sists of two rather separate steps: 

Process I. The process by which the gas enters the blast of mercury vapor. 

Process II. The action of the blast of mercury vapor in carrying the admixed 
gas along into a condensing chamber from which it cannot return to the vessel 
being exhausted. 

The great advantage of the diffusion pump over all previous pumps lay 
in the remarkable effectiveness of the Process II. The limitations of the diffu- 
sion pump were imposed by the Process I. 

Now the Process II in the diffusion pump is essentially similar to that used 
in commercial steam ejectors. In such ejectors, however, the Process I does 
not depend on diffusion, but on the lowering of pressure caused by the high 
velocity of the jet, in accordance with hydrodynamical principles (Bernoulli 
effect). The gas in an ejector is thus sucked into the jet because the pressure 
in the jet is lower than that of the gas in the vessel being exhausted. As the velo- 
city of the mixed gases decreases in the expanding part of the ejector C (in 
Fig. 6), the pressure gradually increases up to that in the condensing chamber D. 

Since the pressure in the jet must always be considerable, it is evident that 
the Bernoulli effect cannot be directly utilized to obtain a high vacuum. Accord- 
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ing to the kinetic theory also, the molecules in a jet of gas passing out into 
a high vacuum must spread laterally, so that there would be no tendency for 
a gas at low pressures to be drawn into such a blast. 

In fact, it is easy to see that an ejector such as is shown in Fig. 6 could not 
be used to produce a high vacuum. Suppose, for instance, that a blast of mercury 
vapor passes through the tube A and escapes from B into the exhausted cham- 
ber C, and condenses at D. A large fraction of the atoms of mercury vapor 
escaping from B will have transverse velocity components, so that they will 
strike the walls of the outer tube at K. These will condense, but the heat liber- 
ated will cause the walls to assume a temperature comparable with that of 
the mercury vapor blast. The condensed mercury will therefore evaporate 
approximately as fast as it condenses. The atoms which evaporate are just as 
likely to leave the surface in a direction towards E as towards C. Therefore 
a large fraction of the mercury vapor which strikes the wall K will pass into 
the tube E and out through F, so that it will completely prevent the entrance 
into E of a gas at low pressures. Experiments have subsequently proved that 
this is exactly what happens when it is attempted to operate an ejector at very 
low pressure. Not only does the device fail to pump, but it is often impossible 
to get any gas to pass through the device, even when there is a pressure of 100 
bars or more at F and the pressure at D is held at 1 bar or less. 

This reasoning indicates that the Bernoulli effect cannot be used to draw 
the gas into the blast (Process I). The main reason for this failure is the blast 
of gas which originates at K by the re-evaporation of the condensed mercury. 
If this re-evaporation could be prevented, the blast of gas from K to E would 
disappear and the gas from F would therefore meet no obstacle in passing into 
E and entering the stream of mercury vapor at K. 

If it had been assumed that the mercury atoms striking K were reflected 
into E, then there would be no obvious means of preventing this reflection. 
But the work previously referred to had convinced the writer that reflection 
did not occur, and therefore indicated that to avoid this blast of mercury 
vapor into E it would only be necessary to cool the walls of the outer tube 
at the point K. 

In this way, the blast of gas into E is made to disappear and the gas from F 
therefore passes into E and towards K. Beyond the nozzle B the molecules of 
this gas are struck by the atoms of mercury escaping from B and are forced 
outward (not drawn inwards) against the walls of the outer tube at K. The gas 
molecules are then subjected to a continual bombardment from mercury atoms 
which have velocity components in the direction towards C. If the walls of 
the tube C are also water-cooled, the gas which enters at F is thus pushed along 
the walls of C and is finally driven into the condenser D. 

This was the reasoning which led to the construction of the type of pump 
shown in Fig. 1. The very first pump constructed operated perfectly satisfac- 
torily and gave a speed of about 1800 cc. per second. 
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The action of the pump is based on radically different principles from that 
of the ejector. The most essential element in the operation seems to be the con- 
densation of the mercury vapor at K and the maintenance of a temperature 
in this region so low that the condensed mercury does not re-evaporate. It is 
therefore suggested that pumps based on this principle should be called con- 
densation pumps. 

The distinction between the condensation pump and the ejector is clear 
when we realize that in the ejector there is no necessity for cooling the walls 
of the tube at K, Fig. 6, whereas the condensation pump entirely fails to operate 
unless this is done. Furthermore the effectiveness of the ejector depends on 


A 





Fic. 6. Diagram illustrating the action of an ejector. 


the flare of the tube C between K and D, whereas this flare is entirely unneces- 
sary in the condensation pump. In fact, since a large portion of the mercury 
vapor condenses on the walls at K, it is rather desirable to have a decreasing 
cross section between K and D. In the form of pump shown in Fig. 1, this con- 
traction above the point P, Fig. 1, was actually employed. Subsequent experi- 
ment showed that it was unnecessary to provide two condensing chambers 
as in Fig. 1, but that the pump could be simplified as in Fig. 3. 
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If this later form of pump is examined during operation, it is seen that 
when there is a high vacuum on the intake side of the pump, practically no 
condensation of mercury takes place on the walls of the condenser C above 
the level of the point P. In other words, all the atoms of mercury vapor leaving 
the end of the tube L have downward velocity components and therefore 
cannot pass up above the point P unless they first strike some body not 
having the corresponding downward velocity. If, however, the walls of the 
condenser are allowed to become heated, then the mercury atoms from 
L collide with mercury atoms evaporating from the walls (which do not 
have downward velocities) and as a result of these collisions a large fraction 
of this mercury vapor is deflected upward into the space E. This prevents 
gas from F from reaching the point P where it might be acted on by the 
direct blast from L. 

When a small flow of gas is allowed to enter through R so that the 
intake pressure is maintained at about 100 bars, it is interesting to observe 
that the line of demarcation below which the condensation occurs loses 
its sharpness, and that a considerable quantity of mercury vapor condenses 
above the point P. This is due to the collisions between the mercury atoms 
from L and the gas molecules which are driven in close to the walls of the 
condenser C. 

Another interesting fact may be observed by watching the operation of 
the condensation pump. The greater part of the mercury vapor which escapes 
from L condenses on the walls of C within a couple of centimetres below the 
end of the nozzle L. This indicates that the mercury atoms radiate out from 
the end of Z in all directions and show no particular tendency to continue to 
move in the direction in which the nozzle is pointed. This is essentially diffe- 
rent from what happens in injectors or ejectors. It is well known that when 
steam escapes from a straight tube into the open air, the jet of steam continues 
to move in a nearly straight line for a considerable distance from the nozzle 
before it mixes to a large extent with the air. This effect evidently entirely 
disappears at very low pressures. This fact is in accordance with the kinetic 
theory of gases. At very low pressures the density of the mercury vapor is 
extremely small, whereas the viscosity of the gas is practically as great as at 
atmospheric pressure, The frictional effects of the walls therefore entirely 
predominate over the inertia effect which at higher pressures lead to the jet 
formation. ; 

Some special pumps have been built to operate by a combination of the 
injector and condensation pump principles so that very much higher exhaust 
pressures may be used. In this way it has been possible to operate a single mer- 
cury vapor pump producing as high a vacuum as the ordinary type of conden- 
sation pump, but exhausting at a pressure of about 20 mm of mercury. Further 
development work will be necessary, however, before these pumps become 
as satisfactory as a condensation pump backed up by a mechanical pump. 
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Condensation Pumps Built of Metal 


The condensation pump lends itself admirably to construction in metal. 

One type of pump which has proved relatively simple in construction and 
efficient in operation is shown diagrammatically in Fig. 7. A metal cylinder 
A is provided with two openings B and C, of which B is connected to the back- 
ing pump and C is connected to the vessel to be exhausted. Inside of the 
cylinder is a funnel-shaped tube F which rests on the bottom of the cylinder A. 
Suspended from the top of the cylinder is a cup E inverted over the upper 
end of F. A water-jacket 7 surrounds the walls of the cylinder A from the level 
of B to a point somewhat above the lower edge of the cup E. 

Mercury is placed in the cylinder as indicated at D. By applying heat to 
the bottom of the cylinder the mercury is caused to evaporate. The vapor pas- 
ses up through F and is deflected by E and is thus directed downward and 
outward against the water-cooled walls of A. The gas entering C passes down 
between A and E and at P meets the mercury vapor blast and is thus forced 
down along the walls of A and out of the tube B. The mercury which conden- 
ses on the walls of A falls down along the lower part of the funnel F and returns 
again to D through small openings provided where the funnel rests upon the 
bottom of the cylinder. 

A more detailed drawing of the pump as actually constructed is shown in 
Fig. 8. 

Pumps of this type have been made in several different sizes. A pump in 
which the funnel F is 3 cm in diameter and the cylinder A is 7 cm in diameter 
gives a speed of exhaustion for air of about 3000 cc. per second and will operate 
against an exhaust pressure of 200-600 bars, depending on the amount of 
heat supplied to the mercury. The energy consumption ranges from 100 to 
500 watts. 

Very small pumps have also been constructed in which the tube F is only 
0.6 cm and the cylinder A is only 2 cm in diameter. This type of pump gives 
a speed of about 200 cc. per second. 


Degree of Vacuum Obtainable 


The condensation pump resembles Gaede’s diffusion pump in that there 
is no definite lower limit (other than zero) below which the pressure cannot 
be reduced. This is readily seen from its method of operation. A lower limit 
could only be caused by a diffusion of gas from the exhaust side (N in Fig. 3) 
back against the blast of mercury vapor passing down from L. The mean free 
path of the atoms in this blast is of the order of magnitude of a millimetre or 
less and the blast is moving downward with a velocity at least as great as the 
average molecular velocity (100 metres per second for mercury).° 


* This is apparent when we consider that no appreciable number of atoms pass up into the 
space E, 
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The chance of a molecule of gas moving a distance about 4.6 times the mean 
free path without collision is only one in a hundred. To move twice this distance 
the chance is only 1 in 1002, etc. If the mean free path were one millimetre, 
the chance of a molecule moving a distance of 4.6 cm against the blast without 
collision would be 1 in 10*°. In other words, an entirely negligible chance. 






DRACO Aa: 
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Fic. 7. Diagram of condensation pump built of metal. 


However, if with any particular design of pump it should be found that 
gas does leak back against the blast of a vapor, it is a simple matter to increase 
the pressure in the blast or increase the distance against which the gas must 
pass back through the blast. Thus the construction adopted in Fig. 1 may be 
adopted where only a small part of the mercury is condensed close to the nozzle 
from which the vapor escapes, while the greater portion travels a considerable 
distance before condensing. 

As a matter of fact, even in the type of pump with a single condensing cham- 
ber, such as shown in Figs. 3 and 7, there is evidence that the back diffusion 
is absolutely negligible under all normal operating conditions. Thus if a vessel 
is exhausted to 0.001 bar (the lowest pressure readable on a McLeod gage) 
while a good vacuum is maintained on the exhaust side of the pump, it is found, 
when the pressure on the exhaust side is gradually raised, that the vacuum 
remains unchanged on the intake side until a relatively high pressure such as 
200-600 bars on the exhaust side is reached. A very slight further increase 
in the exhaust pressure then causes a very great increase in pressure on the intake 
side. This result indicates that when comparatively low exhaust pressures 
such as 50-100 bars are used, the limiting pressure on the intake side, if it 
exists at all, must be extraordinarily low. 

Of course it must be realized that the condensation pump like any mer- 
cury pump does not remove mercury vapor from the system to be exhausted. 
The vapor pressure of mercury at room temperature is in the neighborhood 
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of 2 bars. By inserting a trap such as that indicated at G (in Fig. 3), between 
the pump and the exhausted vessel, this vapor pressure may be lowered. The 
following table gives the vapor pressures of mercury corresponding to differ- 
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Fic. 8. Condensation pump built of metal. 
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ent temperatures and indicates how completely mercury vapor may be elimi- 
nated by cooling the trap. 


Temp. °C Pe Vapor F Peconic of Hg in bars!® 
~180°C. | 2. 3x 10-* 
—78 4.3x 10-§ 
—40 0.0023 
—20 | 0.029 
—10 0.087 
0 0.25 
+10 0.05 
+20 1.6 
+30 3.7 


10 These vapor pressures are calculated from the formula 
be pez 
og p = 11.27 -——7 


which is obtained from data given by Knudsen (Amn. d. Physik. 29, 179 (1909)). 


Google 


\ 


170 The Condensation Pump 


For a very large number of experiments the presence of mercury vapor 
is not injurious. By use of solid CO, or liquid air the mercury vapor may be 
entirely eliminated. 

As has been pointed out previously the vacuum actually attainable by the 
condensation pump is usually determined (according to Equation 19) by the 
rate at which gases are given off by the walls of the vessel being exhausted. 

By means of a new type of vacuum gage devised by Dr. A. W. Hull of this 
laboratory, pressures as low as 10-* bar, obtained by the condensation pump, 
have already been measured. There is little doubt but that pressures very much 
. lower than this can be and have been obtained by cooling the bulb to be ex- 
hausted in liquid air so as to decrease the rate at which gases escape from 
the walls. 


Summary 


Two new types of condensation pump are described, one built wholly of 
glass and the other wholly of metal. 

In these pumps a blast of mercury vapor carries the gas into a condenser. 
This action is similar to that in a steam ejector and in a Gaede diffusion pump. 
The method by which the gas is brought into the mercury vapor blast in the 
condensation pump is based on a new principle which is essentially different 
from that employed in the steam ejector or Gaede diffusion pump. In the new 
pumps the gas to be exhausted is caught by the blast of vapor and is forced 
by gas friction to travel along a cooled surface. By maintaining this surface 
at such a low temperature that the condensed mercury does not re-evaporate 
at an appreciable rate, it is possible to keep the mercury vapor from escaping 
‘ into the vessel being exhausted. The action of this pump therefore depends 
primarily upon the fact that all the atoms of mercury striking a mercury-covered 
surface are condensed (no matter what the temperature), instead of even 
a fraction of them being reflected from the surface. It is for this reason that 
the term condensation pump is proposed. 

The condensation pump is characterized by extreme speed (3000-4000 cc. 
per second, or even more, if desired), by simplicity and reliability, and by the 
absence of lower limit (other than zero) to which the pressure may be reduced. 
By the aid of this pump pressures lower than 10-* bars have been produced 
and measured. 

To obtain the full benefit of the high speed of these pumps, it is necessary 
to use connecting tubing of very large size. Equations are given by which the 
effect on the speed of exhaustion produced by tubing of any given dimensions 
may be calculated. 
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ELECTRON EMISSION AND ADSORBED FILMS 
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THE RELATION BETWEEN CONTACT POTENTIALS AND 
ELECTROCHEMICAL ACTION 


Trans. American Electrochemical Society 
Vol. XXIX, 125, April (1916). 


THE HISTORY of electrochemistry has been marked by a conflict, extending 
over more than a century, between two theories of electrochemical action. 

Volta, in 1797, showed that plates of two different metals when placed 
together and then separated, acquire electric charges. Thus, if copper and 
zinc plates are used, the copper becomes negatively while the zinc becomes 
positively charged. 

This fundamental experiment became the basis of Volta’s contact theory 
of electrical action. Volta found that the various metals could be arranged 
in a series each of which was positive with respect to those preceding it and 
negative to those following it. He realized that in any closed circuit con- 
sisting entirely of metallic conductors the electromotive forces would balance 
so that no current would be obtained. If, however, two metals in contact were 
connected through an electrolyte, current was observed to flow through the 
circuit. Volta considered that the electrolyte allowed the contact-electromotive 
force of the metallic junction to become effective. Naturally enough, at that 
time Volta did not have clear conceptions of the energy relations involved and 
many of his statements imply a violation of the conservation of energy. 

A few years later (1800) Ritter observed that the action of the voltaic pile 
was always accompanied by a chemical change in the electrolyte or the elect- 
rodes. He soon drew the conclusion that the chemical change should be looked 
upon as the cause of the electric phenomena. 

Thus two apparently opposing theories, the contact theory and the chemical 
theory of electromotive force, grew side by side from the early days of electro- 
chemistry. An excellent account of the resulting conflict is given in Ostwald’s 
“‘Elektrochemie, ihre Geschichte und Lehre,” Leipzig, 1896. In discussing Volta’s 
ideas as to contact-electromotive force, Ostwald says (page 65): ‘“‘Wir stehen 
hier an einem Punkte (1797) wo der folgenreichste Irrthum der Elektrochemte 
beginnt, dessen Bekémpfung weiterhin fast den gréssten Theil der wissenschaftlichen 
Arbeit auf diesem Gebiet in Auspruch genommen hat.” 

Volta, and most of the early adherents of the contact theory, maintained 
that chemical changes brought about by the electric current were purely se- 
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condary. They considered that the potential differences at the contact between 
the two metals formed the greater part of the observed electromotive force of 
the cell. Volta admitted, however, that smaller differences of potential also 
occurred at the junction of the metals with the electrolyte. 

The adherents of the chemical theory looked upon chemical action as the 
cause of the flow of current, but at first did not question the reality of Volta’s 
contact potential differences. The height of the conflict between the two theories 
was reached in 1830, when de la Rive denied the very existence of the 
contact electromotive force, and even attributed the results of Volta’s 
fundamental experiments to chemical reactions at the junction of the metal 
plates with the air. 

The contact theory was ably defended by Pfaff and Sir Humphrey Davy. 
The work of Faraday (1840), however, very greatly strengthened the chemi- 
cal theory. Favre, in 1866, applied the principle of the conservation of energy 
and showed that the electrical energy of a cell was derived from the chemical 
energy of the reaction. The phenomena at the contact of the metals thus grad- 
ually assumed less importance and more attention was given to the chemical 
changes at the electrodes. Still, the reality of contact-electromotive forces of 
fairly large magnitude was not usually doubted. 

The final overthrow of the contact theory, according to Ostwald, was brought 
about by Le Roux’s (1866) and Edlund’s (1870) studies of the Peltier effect. 
Peltier found in 1834 that when a current passes through the junction be- 
tween two metals, heat is liberated or absorbed according as the current flows 
in one direction or the other. Le Roux advanced the following theorem: ‘‘/f, 
in a circuit, an absorption or evolution of heat occurs which is proportional to 
the current and changes sign with the direction of the current, then these effects 
correspond to and are proportional to electromotive forces of the same or opposite 
sign, located at those places at which the absorption or evolution of heat takes 
place.” 

Thus Le Roux calculated the contact potential between two metals by 
dividing the heat energy (watts) absorbed or liberated, by the current causing 
the effect. In this way he obtained values for contact-electromotive forces 
which were of the order of a few thousandths of a volt. The values were 
one hundredth of those found by Volta, and seemed to bear no simple 
relation to these. 

Le Roux’s work attracted very little attention, so that a few years later 
Edlund (1870), and later Maxwell (1873), arrived at the same conclusions 
independently. Maxwell stated that the Peltier effect afforded the only reliable 
method of determining the contact-electromotive force between metals. 

According to Ostwald, this evidence that the contact-electromotive force 
between metals is entirely negligible seems to have been very generally regar- 
ded as convincing. Helmholtz and Lord Kelvin, however, maintained up to 
their deaths that the Peltier effect does not correspond directly to the contac 
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potential,’ but is related to the temperature coefficient of the contact potential 
by the following equation: 
dV, 


V,>=T aT 





where V, is the contact potential between two metals at the temperature T 
and V, is the Peltier electromotive force; that is, the electromotive force which 
is equivalent to the observed absorption or evolution of heat at the junction. 

Lord Kelvin,? who contributed perhaps more to the study of the Volta 
effect than any other observer, was of the opinion that the effect was due to 
the attraction of the two metals for each other at their junction. 

Sir Oliver Lodge (Phil. Mag. (1900) 49, 351, 454) took the opposing side 
and attributed the contact potentials to the action of oxygen at the surfaces 
of the metal. 

As a general rule, since Ostwald’s and Nernst’s work (1889-1893) on the 
potentials of electrolytic cells, electrochemists have denied the very existence 
of contact potentials as an intrinsic property of metals, whereas physicists 
have been divided in their opinions. 

Whethem discusses, in a non-committal manner, the relation between 
‘Contact Electricity and Polarization,” in an excellent chapter in his book 
on ‘‘The Theory of Solutions,’ Cambridge, 1902. 

Fournier d’Albe, in his book on the ‘‘Electron Theory” (1907), favors Helm- 
holtz’s view that both the contact potentials and the electrochemical poten- 
tials are measures of the attractions of the metals for electrons. He traces a simi- 
lar relation between these effects and the photo-electric effect. In describing 
the mechanism of electrolysis, however, he looks upon Nernst’s solution ten- 
sion as being responsible for the action at the electrodes, and overlooks the 
contact potentials. 

Fleming (Encyl. Brit. (1910) 9, 183) says that ‘‘even at the present time 
opinions of physicists can hardly be said to be in entire accordance as to the source 
of the electromotive force in a voltaic couple or pile.” 

With the discovery of radioactivity a new and convenient method of measu- 
ting the Volta effect had been obtained. By ionizing the air between electrodes 
of different metals, the electric field in the air could be destroyed and the electro- 
motive force between the metals could be measured by an ordinary electro- 
meter without the necessity of changing the distance between the plates. The 
differences of potential obtained in this way were substantially the same as 
those found by Volta’s method. 

Greinacher in 1905 (Ann. Phys. (1905) 16, 708).made a thorough investi- 
gation of the contact potentials between metals by the new method, and reached 
the conclusion that the effect was caused by the presence of an adsorbed film 


1 I cannot find that Ostwald mentions this theory of Helmholtz and Kelvin. 
* A good statement of Kelvin’s position is given in an article in the Phil. Mag. (1898), 46, 82. 
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of water which he supposed was present on all metals, even in the highest va- 
cuum. Greinacher’s work is often quoted, especially by German writers, to 
prove that the Volta effect is due to secondary electrolytic action and is not 
an inherent property of metals. (For example, Kruger, Phys. Zeitschr. (1911) 
12, 360). 

The reasons that have led to the abandonment of the contact theory of 
electromotive forces by electrochemists may be divided into the following 
three groups: 


I. Energy Relations.— The electrical energy generated by a cell is unques- 
tionably derived from the energy of chemical reactions taking place at the 
surface of the electrodes. It therefore seems probable that the electromotive 
force producing the flow of current also originates at the surface of the electrodes. 


II. Irregularities in the Volta Effect.— All experimenters have found that 
the Volta effect is extremely sensitive to slight changes in the surface con- 
ditions. The effect could often even be reversed in sign by changing the gas 
between the plates. After polishing the plates the potential differences would 
undergo rapid changes, continuing often for long periods of time. Therefore 
the values obtained by different investigators sometimes differed considerably 
from each other and it seemed impossible to determine which values, if any, 
corresponded to the pure metal surface. From this work it became certain that 
the electromotive forces at the surfaces of the electrodes could not be neglected. 
On the contrary, in view of the difficulties in determining the contact poten- 
tials, it seemed more probable that the latter could be neglected in comparison 
with the surface potentials. 


III. The Peltier Effect.— The theories and experiments of Le Roux, Edlund 
and Maxwell convinced most physicists and practically all electrochemists 
that the real contact potentials were extremely small — of the order of a few 
thousandths of a volt — and were therefore negligible in electrochemical pro- 
blems. 

Thus the long-standing conflict between the two theories was apparently 
finally brought to a close by the complete victory of the chemical theory. 

Within the last four or five years, however, some remarkable progress has 
been made in certain branches of physics, which has resulted in bringing to 
life again the contact potential theory. As usually happens in such cases, the 
new evidence in favor of the theory comes from quite other fields of science. 
As far as I am aware, the bearing and significance of this new work on elec- 
trochemistry has not yet been pointed out. 

The recent work in physics to which I refer furnishes six distinct lines of 
evidence as to the reality of the contact potentials: 

I. Electron emission from heated metals. 

II. ‘Thermal effects accompanying the electron emission. 

ITI, Photo-electric effect from metals. 
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IV. Measurements of contact potentials. 

V. Ionizing potentials of metal vapors. 

VI. Single line spectra of metal vapors. 

In discussing these I will group them into three pairs. 


I & Il. Electron Emission from Heated Metals, and Thermal Effects 

It has been known for nearly two hundred years that air in the neighbor- 
hood of incandescent metals is a conductor of electricity. Elster and Geitel 
studied this phenomenon in great detail and published the results of their in- 
vestigations in a series of papers in Wiedemann’s Annalen during the years 
1882-1889. 

In most of their experiments they placed a metal plate close to a metallic 
filament within a glass bulb, and studied the charge acquired by the plate under 
various conditions of filament temperature and gas pressure. They found in 
most gases that the filament tended to give off positive electricity when it 
was at a red heat, but at very high temperatures it gave off negative electricity 
more easily than positive. When the vessel was exhausted as completely as 
was possible in those days, the tendency to give off positive electricity was 
much decreased and did not persist, whereas the tendency to emit negative 
electricity was apparently stronger than ever. 

A similar discharge of negative electricity from the carbon filament of 
an incandescent lamp to an auxiliary electrode placed within the bulb was 
observed and studied by Edison and has since been known as the Edison effect. 
Fleming, in 1896 (Proc. Roy. Soc. (1890) 47, 118, and Phil. Mag. (1896) 42, 
52) investigated and described this effect in detail. 

J. J. Thomson (Phil. Mag. (1899) 48, 547) showed that in the case of a car- 
bon filament in hydrogen at very low pressures, the negative electricity is 
given off by the filament in the form of free electrons having a mass about 
1/1800 of the mass of a hydrogen atom, and constituting in reality atoms of 
electricity. Owen (Phil. Mag. (1904) 8, 230) showed that a heated Nernst 
filament also gives off electrons and Wehnelt (Ann. Phys. (1904) 14, 425) 
proved that the electric current from a lime-covered platinum cathode (Weh- 
nelt cathode) is carried in the same manner. 

Richardson (Proc. Camb. Phil. Soc. (1902) 11, 286; Proc. Roy. Soc. (1903) 
71, 415; Phil. Trans. (1903) 201, 516) applied the electron theory of metallic 
conduction to the electron emission from heated metals, and was thus able to 
develop a theory of this effect. In order to account for the conduction of heat 
and electricity by metals, Riecke and Drude had assumed that metals contain 
electrons which are free to move under the influence of an electric force and 
which are in constant vibratory motion similar to that of the molecules of a gas. 
Richardson assumed that these free electrons are ordinarily held within the 
metal by an electric force at the surface, just as the molecules of a liquid 
are prevented from escaping by a surface force related to the surface tension. 


12 Langmuir Memorial Volumes III 
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If the velocity of an electron is sufficiently high, it may be able to overcome 
the surface force and escape. Since the average velocity of the vibratory mo- 
tion increases with the temperature, the number of electrons which reach 
the necessary critical velocity to escape will increase very rapidly with the 
temperature. These considerations are analogous to those of the evaporation 
of a liquid, so that the number of electrons escaping should increase with the 
temperature according to the same laws as those governing the increase of the 
vapor pressure of a liquid as the temperature is raised. 

The distribution of velocities among the electrons given off by a heated 
metal is given by Maxwell’s law.* 


dN me Sg ae (1) 
yx 
Here N represents the number of electrons in each cc. of the metal, dN 
is the number per cc. which have velocity components in a given direction 
lying between vo and v-++dv. The variable x is proportional to v and is equal to 


s- Vt (2) 


where © is the square root of the mean square velocity of the electrons and, 
according to the kinetic theory, may be calculated by the equation 


=e 3) 


Here R is the gas constant 83.15 x 10® erg/deg., T is the absolute temperature 
of the metal, and M is the ‘‘atomic weight” of the electrons, namely, 0.000546 
(oxygen = 16). 

Substituting (3) in (2) and squaring, we obtain 
4 Mo 
RT (4) 

Richardson assumes a force at the surface tending to hold the electrons 
within the metal. In order to escape, an electron must work against this 
force. Let the work done when a ‘‘gram molecule” of electrons (i. e. 6.06 x 
x 10** electrons or 96,500 coulombs) escape be represented by w. The work 
done in escaping must be derived from the kinetic energy of the electrons, 
and thus only those electrons can escape which have a kinetic energy greater 
than the work to be done. If we let v, be the smallest velocity component per- 
pendicular to the surface which will enable the electron to escape, then we 
readily see that 


xt = 





}Moi =o (5) 





* Richardson, Phil. Mag. (1908) [6] 16, 890, and (1909) [6] 18, 681. 
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The number of electrons dn with velocity components between o and 
v+do which reach a square cm of the surface per second can be obtained 
by multiplying the number per cc. having this velocity by the velocity com- 
ponent. That is, from (1) and (4) 


dn = odN = N Var BRE gas. (6) 


The total number of electrons which reach the surface with a velocity per- 
pendicular to it exceeding v, is therefore 


or ed ee ny eae (7) 


where x, is given by 








_ $Me} 
gait (8) 
Combining (7), (8) and (5), we finally obtain 
Eee ° 


I expect to show that this equation is of fundamental importance, not only 
in the case of electron emission from metals, but in the kinetics of nearly all 
electrochemical processes. 

According to the theory outlined above, the emission of electrons from a 
heated metal, which is called by Richardson thermionic emission, is an intrinsic 
property of the metal and is not caused by secondary chemical reactions, nor 
is it dependent on or influenced by an electrostatic field around the metal. 
If, however, there is a negative field outside the metal surface, most of the 
electrons which escape will return to the metal. If a positive field is maintained 
by bringing an electrode (anode) charged to a sufficiently high positive po- 
tential close to the metal surface (cathode), then none of the escaping electrons 
will return to the cathode. The current which flows under these conditions 
cannot be increased by increasing the potential on the anode and is therefore 
called the saturation current. 

The saturation current, which we may represent by #, is evidently pro- 
portional to m and is given by equation (9). 

If we assume that N and w are independent of temperature, then equation 
(9) assumes the form 


ee Pd (10) 


where a and 6 are constants. This equation is generally known as Richardson's 8 
equation. 
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Richardson, in 1902, determined the relation between the saturation cur- 
rent from a heated platinum wire and a cylinder around it, and found that i 
varied with the temperature in accordance with the equation given above. 
He also found the relation to hold for carbon and sodium. 

__ Richardson has published a large number of other papers‘ on this subject 
in which he has given experimental and theoretical evidence that the thermio- 
nic emission from heated metals is an intrinsic property of pure metals. 

Richardson’s views, however, have not been very well received, and until 
about 1913 there was an increasing skepticism as to the reality of the effect 
with pure metals in the absence of gas, most observers holding that chemical 
reactions of some mysterious nature were responsible for the electron emission. 
A similar feeling, which we shall discuss under the proper heading, was ma- 
nifest in regard to the photo-electric effect in the absence of gas. The investi- 
gations which were primarily responsible for this skepticism were those of 
Wilson, Soddy, Just and Haber, Fredenhagen, Pring and Parker. 

H. A. Wilson (Phil. Trans. (1903) 202, 243) found that the electron emission 
from platinum at high temperature was decreased to 1/250,000 of its former 
value by a preliminary heating of the platinum in oxygen or by boiling in 
nitric acid. The admission of a little hydrogen brought the current back to 
its former value. 

Wilson, like nearly all his successors, took it for granted that the smal- 
lest value observed for the electron emission was the value characteristics 
of the best vacuum conditions. He therefore concluded that the electron emis- 
sion from a pure platinum surface was extremely small if it existed at all. 

Soddy (Phys. Zeit. (1908) 9, 8) found that the large currents obtainable 
from a Wehnelt cathode stopped suddenly if the residual gases in the vacuum 
tube were absorbed by vaporizing some metallic calcium. This work of Soddy 
attracted considerable attention and made many investigators feel that ther- 
mionic currents in general were dependent on the presence of gas. 

Just and Haber (Ann. Phys. (1911) 36, 308) showed that an extremely smallé 
electron emission could be obtained in the dark from the alkali metals when 
these were acted on by chemically active gases, such as chlorine, at very low 
pressures. Many German investigators at once concluded that all electron 
emission from metals, even in high vacuum, could be accounted for by chemical 
reactions between the metal and the minute traces of residual gases. Fre- 
denhagen (Phys. Zeitschr. (1914) 15, 19) even considered that Richardson’s 
results with tungsten in very high vacuum (in 1913) were due to ‘‘regenera- 
tive” chemical reactions. 


* Phil. Mag. (1908) [6] 16, 357; (1909) 17, 813; (1909) 18, 695; (1912) 23, 594; (1912) 
24, 737; (1913) 26, 345; Tvans. Amer. Electrochem. Soc. (1912) 21, 69, and Proc. Roy. Soc. (1914) 
90, 174. 

® Less than 1 per cent of the electrochemical equivalent of the gas which reacted. 
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Fredenhagen (Verh. deut. phys. Ges. (1912) 14, 384) in 1912 studied the 
electron emission from sodium and potassium, two metals that Richardson 
had found particularly good sources of electrons, and concluded that the elec- 
trons are only emitted as a result of the presence of gas. He suggested that if 
a perfectly clean metallic surface could be obtained in a perfect vacuum the 
electron emission would cease entirely. 
Pring and Parker (Phil. Mag. (1912) 23, 192) in the same year measured 
the currents from incandescent carbon rods in a vacuum. They found that 
with progressive purification of the carbon and improvement in the vacuum 
the currents decreased to extremely small values. They concluded that ‘‘the 
large currents hitherto obtained with heated carbon cannot be ascribed to the emis- 
ston of electrons from carbon itself, but that they are probably due to some reaction 
at high temperatures between the carbon, or contained impurities, and the surround- 
ing gases, which involves the emission of electrons.” 
More recently Pring (Proc. Roy. Soc. (1913) A 89, 344) repeated these experi- 
ments under still better vacuum conditions and found the former results con- 
firmed. He concludes that ‘‘the thermal ionization ordinarily observed with car- 
bon is to be attributed to chemical reaction between the carbon and the surrounding 
gas.” ‘‘The small residual currents which are observed in high vacua after prolonged 
heating are not greater than would be anticipated when taking into account the 
great difficulty of removing the last traces of gas.” 
Besides these reasons for doubting the existence of electron emission fom 
clean metallic surfaces, there were other reasons which were related to the 
disbelief in contact potentials. Debye and Richardson, as we shall see, found 
a relation between w, the work done when electrons escape, and the contact 
potentials between metals. Thus the same reasons Which had indicated that 
contact potentials were of chemical origin would show that electron emission 
must be of similar origin. 
Several years ago a very thorough study of the whole question of electron 
emission from metals was begun in this laboratory and has continued up to 
the present. This work, only a small part of which has as yet been published, 
has convinced me that the electron emission from perfectly clean metallic sur- 
faces in the-highest vacuum is a definite property of pure metals. In the course 
of this work perfectly satisfactory explanations have been found for each of 
the causes which have led other investigators to the opposite conclusions. 
The following brief review of this work will help to confirm these statements.* 
* The papers which have been published from this laboratory on the subject of electron emis- 
$10n are: 
1. “Effect of Space Charge and Residual Gases on Thermionic Currents in High Vacuum.” 
I. Langmuir, Phys. Rev. (1913) 2, 402, 450. 

2. “A Powerful Roentgen Ray Tube with a Pure Electron Discharge.” W. D. Coolidge, 
Phys. Rev. (1913) 2, 410. 

3. “Effect of Space Charge.” I. Langmuir, Physik. Zeitsch. (1914) 15, 348. 

4. “Electron Emission from Tungsten and the Effect of Residual Gases.” I. Langmuir, 
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The presence of minute pressures of oxygen or water-vapor, even as low 
as 10-° mm of mercury, decreases the electron emission from tungsten very 
materially. Carbon monoxide and dioxide and methane decrease the electron 
emission only slightly. Nitrogen has no effect except when the voltage is such 
as to cause ionization, and then the effect is to decrease the current. Hydrogen, 
mercury vapor and the inert gases, when pure, have no effect on the electron 
emission. 

As the vacuum is improved the emission in general increases, but reaches 
a definite limit which is not changed by further improvement in the vacuum. 

In all of this work no evidence has been found that chemical reactions ever 
produce currents comparable in magnitude with those obtained by electron 
emission in high vacuum. In fact, the gases which react most vigorously with 
tungsten are the ones which have the greatest effect in decreasing the electron 
emission. 

The effects ptoduced by adsorbed films have been studied in detail,. and 
these films can be produced or destroyed at will. Traces of thorium, in a tung- 
sten filament, under certain conditions, lead to the formation of an adsorbed 
film of thorium metal consisting of a layer one atom deep, which increases 
the electron emission 10,000 fold or more. This film, however, can be distilled 
off by heating the filament to 27,000, and the emission thereafter corresponds 
to that of pure tungsten. 

The electron emission from tungsten has been carefully measured over 
a wide range of accurately determined temperatures and the results can be 
expressed within the experimental error by Richardson’s equation, if a is taken 
to be 23.6x 10* amperes per sq. cm and b is taken to be 52,500. This corres- 
ponds to an electron emission of 0.0042 ampere per sq. cm at 2000° Kelvin 
(absolute). 

In these experiments the pressure was known to be /ess than 10-7 mm of 
mercury. At this pressure the number of molecules of gas (molecular weight 
assumed = 30) which strike a square cm of surface per second is? 3.7 x 10%. 
If each of these molecules liberates one electron,® then the total electron emis- 
sion would be 5.9 10-* amperes per sq. cm. Actually, however, currents as 


Physik. Zeitsch. (1914) 15, 516. This paper contains much data not given in the article 
in the Phys. Rev. (Paper 1). 
. “Determination of e/m from Measurements of Thermionic Current.’? S. Dushman, Phys. 
Rev. (1914) 4, 121 and Physik. Zeitsch. (1914) 15, 681. 
6. “A New Device for Rectifying High Tension Alternating Currents: The Kenotron.” 
S. Dushman, General Electric Rev. Mar., 1915. 
7. “The Pure Electron Discharge and its Applications in Radio Telegraphy and Telephony.” 
I. Langmuir, Trans. Amer. Inst. Radio Eng. Sept., 1915, and General Electric Rev. May, 
1915. 


7 See Langmuir, ¥. Amer. Chem. Soc. (1915) 37, 1145. 


® Haber and Just (/. c.) had never observed more than one electron for each hundred mo- 
lecules. 
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large as 0.5 ampere per sq. cm were readily obtained. Chemical reactions caused 
by residual gases thus cannot be the cause of these currents. 

The electron emission from several other metals in high vacuum has been 
studied by the same method as that used for tungsten, and the results obtained 
are given in Table I, tungsten being given for comparison. Only a few experi- 
ments with each of these metals have been made, and the same care as with 
tungsten has not always been taken in studying and eliminating effects due to 
residual gases or impurities. The results are therefore probably much less accu- 
rate than those given for tungsten. In the table igo99 represents the saturation 
current per sq. cm at 2000°K. 

In the last column under ®, the work done when electrons escape from the 
metal is given in terms of the equivalent potential difference expressed in volts. 
This quantity is obtained from 5 as follows. By comparing equations (9) and 
(10) we see that 

w=bR (11) 


But w is the work done when a ‘‘gram molecule” of electrons (namely, the 
“Faraday constant” F = 96,500 coulombs) escape. This must be equal to 
® F where @ is an imaginary potential difference occurring at the surface, equi- 
valent in its effect to the forces which hold the electrons in the metal.® There- 
fore we may calculate ® from b by the equation (R = 8.315 watt seconds per 
degree): 


w Rb 
o= 2 ©’ — 8.62x 10-% (volts) (12) 
F F 
TABLE I 
Metal 3 b Fye0e ® 

(amps./sq. cm) | | (amps./sq. cm) | (volts) 
Tungsten 2.36x 10? 52,500 0.0042 4.52 
Thorium 2.0 x 10° 39,000 30 3.36 
Tantalum 1.12x 107 50,000 0.007 4.31 
Molybdenum 2.1 x 10’ 50,000 0.013 4.31 
Carbon (untreated) [| .........60.- 48,000 | — ...eeee 4.14 
Titanium” 1300. ? 28,000? 0.048? 2.4 ? 
Iron? 2400. ? 37,000? 0.0010? 3.2 ? 


In addition to these metals some others have been studied qualitatively. 
It has been found that the electron emission from pure potassium in a high 
vacuum is very large, even at temperatures in the neighborhood of 300-400°C. 
Richardson’s original results with the alkali metals are therefore probably more 


® The reason for calling this potential “imaginary” will be discussed later. 
1@ Preliminary measurements made by Dr. Dushman in this laboratory. 
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nearly correct than the results obtained by Fredenhagen. Quantitative deter- 
minations of the emission from these metals are in progress. Preliminary meas- 
urements with metallic calcium indicate that the electron emission is extremely 
high, although not as high as that from the alkali metals. 


The principal reason that other observers have obtained very small currents 
from heated metals in high vacuum is that they failed to realize that the voltage 
needed to produce saturation of the current increases very rapidly when a high 
vacuum is reached. Lilienfeld™ pointed this out in connection with Soddy’s 
experiments with the Wehnelt cathode, and suggested that the effect might 
be caused by the building up of a negative charge in the vacuum. Lilienfeld 
did not give adequate reasons in support of his views and they were therefore 
disregarded. This effect of space charge has been studied quantitatively and 
in great detail in this laboratory, and we have found that it offers a complete 
explanation of most of the failures to obtain electron emission in high vacuum. 


A number of papers have recently been published by Schottky’® on the 
electron emission from metals in high vacuum. He treats several phases of 
the space charge problem, and gives additional experimental and theoretical 
evidence that the electron emission is a characteristic and fundamental pro- 
perty of pure metals. 


The electron emission from platinum under rather bad vacuum conditions 
has been measured by Schlichter (Elster and Geitel Festschrift, 1915, p. 689). 
He obtains a = 1.25107; 6 = 51,060, and tgo99 = 0.0035. 

The skepticism in regard to the existence of electron emission independently 
of chemical action has now largely disappeared. Perhaps one of the most impor- 
tant factors in bringing about this change of opinion is the wide-spread use of 
the Coolidge Roentgen Ray Tube. Any one who works long with a tube of 
this kind is soon convinced that its action does not depend on the chemical 
action of residual gases. 


From the evidence which has thus accumulated in the last few years, two 
of the deductions from Richardson’s theory may be regarded as demonstrated. 
These are: 

a. The electron emission from metals is an intrinsic property of pure metals. 

b. The emission increases with the temperature according to Richardson’s 
equation (10). 

These alone would not conclusively prove that the mechanism postulated 
by Richardson is the correct one. Richardson, himself, with many collaborators, 
has, however, shown that several other deductions from his the ory are valid, 
namely: 


12 [EpiTor’s Note: The reference here is missing in the original paper.] 
18 Phys. Zeitsch. (1914) 15, 526, 624, 656. 

Ver. deut. physik. Ges. (1914) 16, 482. 

Ann. Physik. (1914) 44, 1011. 
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c. When electrons are emitted from incandescent metals there is an absorp- 
tion of energy (heat) corresponding to tw, the work done when electrons escape. 
(Richardson and Cooke, Phil. Mag. (1913) 25, 624; 26, 472). 

d. When electrons are absorbed (at the anode) by a cold metal, there is 
a liberation of heat corresponding to the value of w for the cold metal. 

e. The velocities of the electrons which escape from heated metals are in 
agreement with Maxwell’s distribution law, as they should be according to 
Richardson’s theory. (Richardson, Phil. Mag. (1908) 16, 890; (1909) 18, 681). 

By measurements of the heat evolved by the absorption of electrons, Ri- 
chardson and Cooke found = 5.5 volts for platinum which had been satu- 
rated with oxygen by electrolysis, and ® = 4.5 volts for platinum similarly 
saturated with hydrogen. These results agree well with values found from the 
electron emission from platinum. We have seen (Table I) that ® for pure pla- 
tinum in high vacuum obtained from 5 of equation (10) is 4 volts. Richardson 
had previously found ® = 4.26 volts for platinum. Wilson (Phil. Trans. (1903) 
A.202, 243) had obtained ® = 5.6 for platinum which had been boiled in con- 
centrated nitric acid. From Deininger’s (Ann. Phys. (1908) 25, 304) results 
obtained under similar conditions, Richardson recalculates © = 5.26 volts. 

From the heat absorption accompanying electron emission similar results 
have been obtained. Richardson and Cooke found ® = 4.7 volts for osmium 
and a value of 4.24 volts for tungsten, which latter agrees fairly well with that 
given in Table I. 

The proof that these three independent methods all give substantially the 
same values for w or @ is strong evidence of the correctness of the fundamental 
assumptions upon which Richardson’s theory is based. 

ITI @ IV. Photo-electric Effect and Contact Potentials 

Hallwachs, in 1888, made the important discovery that a body carrying 
a negative charge of electricity rapidly loses that charge when ultra-violet light 
falls upon it. This phenomenon, which is now generally called the photo-electric 
effect, is due to the action of light in causing the emission of electrons from 
the metal. These electrons, unlike those emitted from heated metals, have 
velocities independent of the temperature of the metal, but dependent in a remark- 
able manner on the wave length of the light used to excite them. In order 
to get any emission of electrons, it is necessary to use light having a wave length 
shorter than a definite limiting value A, characteristic of the metal. This “‘long- 
wave limit’”’ occurs in the visible spectrum in the case of the electro-positive 
metals, such as the alkali metals, while for a metal like platinum the limit A) is 
at a wave length 0.28 yu (visible spectrum 0.38—0.75 4). 

The relation between the maximum velocity with which electrons are expel- 
led and the frequency of the incident light has been the subject of some of the 
most important and interesting of recent physical investigations. 


4@ Richardson and Cooke, Phil. Mag. (1910) 20, 173; (1911) 21, 404. 
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Einstein (Ann. Phys. (1905) 17, 132; (1906) 20, 199) suggested that light 
travels out into space in the form of bundles or quanta of electro-magnetic 
wave energy, and that these are absorbed as units by the atoms of matter upon 
which they fall. In accordance with Planck’s theory of radiation the energy in 
these quanta was assumed equal to hy, where » is the frequency of the light 
and h is the Planck constant 6.58 x 10-®” erg-seconds. According to Einstein, 
when a quanta of light is absorbed by an atom of a metal, its energy is imparted 
to one of the electrons in the atom. If the energy is sufficiently great the elec- 
tron may be able to escape. In this way Einstein obtained the equation 

4mo* = hy—P (13) 
where hy is the energy of a quanta, P is the work which must be done by the 
electron in overcoming surface forces, and 4mv* is the maximum kinetic 
energy which the electron may retain after its escape. 

Although this equation, as we shall see, has recently received the most stri- 
king confirmation, the physical hypothesis on which it was based has been 
entirely abandoned, even by its originator. 

In 1912, Richardson (Phil. Mag. (1912) 23, 615; 24, 570), by means of a modi- 
fied form of Planck’s equation, was able to derive an equation of a form similar 
to (13) without making use of the hypothesis that free radiant energy exists 
in the form of ‘“‘light quanta.” Richardson also showed that the work func- 
tion P, of Einstein’s equation, should be identical with the quantity @ which 
occurs in Richardson’s theory of electron emission from heated metals. Fur- 
thermore, Richardson showed a relation between the velocity of photo-electrons 
and the contact potentials between metals. The theory of the relation between 
the three effects, electron emission by heat, contact potential and photo-electric 
effect, is briefly as follows.% 

Let us consider a vacuous enclosure divided into two parts A and B by 
a surface S. We assume that A and B contain electron atmospheres in thermal 
equilibrium and that a force exists at the surface S which tends to prevent 
electrons from passing from A into B. Let w be the work per ‘‘gram molecule” 
(96,500 coulombs) which the electrons have to do in order to pass through the 
surface from A to B. Let N, and N, be the concentration of electrons in A 
and B respectively. Then by equation (9) the number of electrons which pas- 
ses (per sq. cm) from A into B will be 


n,=WN, Venue RT (14) 


The number of electrons per sq. cm nm, which passes from B to A will be 
the same as if w were zero; that is: 


/ RT 
nz= Ny, nM (15) 


4 Debye, Ann. Physik. (1910) 33, 441. 
Richardson, Phil. Mag. (1912) 23, 263, 615; 24, 570. 
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In a state of equilibrium 2, and m, must be equal, so that we may equate 
(14) and (15) and thus obtain 


al age (16) 
This may also be written: 
w= RT In a (17) 


This equation is of very fundamental importance in the kinetic theory 
of gases, and has been proved to hold with a high degree of generality even 
under conditions where the laws of ideal gases are inapplicable. Wherever we 
have two systems of gas molecules or electrons in thermal equilibrium with 
each other, but so related that work (w) is done when the molecules pass from 
one system to the other, then the concentrations (or pressures) in the two systems 
must differ in the manner indicated in equation (16). 

Let us now consider an initially uncharged metallic body placed in a va- 
cuous enclosure maintained at a constant high temperature. According to Ri- 
chardson’s theory of electron emission from heated bodies, the metal will give 
off electrons and become positively charged. A steady state will ultimately 
be reached in which electrons are drawn back into the metal at the same rate 
at which they escape. In this equilibrium condition equation (16) will apply. 
Different points in the space around the metal body will be at different electro- 
static potentials. If we choose two points, A and B, having the potentials V, 
and V, then the work done when 96,500 coulombs of electrons pass from A 
to B will be (V,—V;) F where F is the Faraday constant (96,500 coulombs). 

Substituting this in (16) we find, after taking the natural logarithm: 

RT, N, 
Vs—Va= In Ft (18) 

It should be noted that this equation is identical with Nernst’s equation 
for electrochemical potentials, although its method of derivation is very different. 

We may now consider the case of two metallic bodies 1 and 2 placed in the 
same vacuous enclosure maintained at constant temperature. Let w, and w, 
be the work functions corresponding to the escape of electrons through the 
surfaces of bodies 1 and 2 respectively. Let V, and V, be the potentials in the 
space just outside the surfaces of the bodies 1 and 2. The total work which must 
be done in removing one coulomb of electrons from the metal 1, in carrying 
them from the surface of 1 to that of 2, and in bringing them into the metal 2, 
will evidently be w,+(V,—V,)F—w,. According to equation (17) this must 
be equal to RT times the natural logarithm of the ratio of the concentrations 
of the electrons in the two metals. Thus we obtain: 


N. 
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According to this theory, when equilibrium is reached between the two 
metals, there will be a difference of potential V,—V, between their surfaces. 

Suppose now we bring the two metals into actual contact at one point. It 
is evident that we may still apply the above reasoning to the portions of the 
surfaces which are not in contact. It must thus follow from energy considera- 
tions that the difference of potential between the surface of the metals must 
remain the same after they are brought into contact. Equation (19) therefore 
gives us a method of calculating the contact potential V,—V, from the values 
of w,, w,, N, and N, for the metals in question. Richardson says: ‘‘The values 
of the electrical conductivity and some other considerations indicate that the number 
n of free electrons in unit volume is of the same order of magnitude for all the metallic 
conductors, and the term RT \n (N,/N;5) ts found to lead to comparatively small 
electromotive forces of the order of magnitude of those required to account for the 
Peltier effect.”” We may therefore neglect this term, so that equation (19) redu- 
ces to ° 

W,—W, 


Vi— Vs = —_ F_ (20) 


Or if we express w in volts according to equation (12), we obtain: 
Vi-— Vs —= G,—9®, (21) 


We are thus enabled to calculate the contact potential between two metals 
from data on the electron emission at high temperatures. We shall see that these 
theoretical results of Debye and Richardson have received striking experi- 
mental confirmation within recent years. 

According to Einstein’s theory of the photo-electric effect, the action of 
light on a metal is to cause electrons to be ejected from atoms with a kinetic 
energy hy where » is the frequency of the light vibrations. Many of these elec- 
trons are emitted from atoms some distance below the surface, so that most 
of the electrons lose a large part of their energy before they reach the surface. 
A few, however, will reach the surface with the maximum velocity correspon- 
ding to the energy hy. In order to escape they must do an amount of work P 
(equation 13) against the surface forces. Richardson considers that this work 
is the same as that corresponding to the w obtained by the electron emission 
from heated metals. It is evident, according to this theory, that no electrons 
can escape from the metal if the value of Ay is less than P. The minimum fre- 
quency » (corresponding to maximum wave length 4,) at which any photo- 
electric effect can be observed is thus determined by the equation 


hy, = P (22) 


The work P applies to a single electron, whereas we have taken w to apply 
to one coulomb of electrons (containing N = 6.062 x 10** electrons). We thus 
obtain, since h = 6.585 x 10-*” erg sec, 


w= NP = Nh», = 0.00399, ergs (23) 
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or by equation (12), 
Nh», 


=F = 4.14x 10-», volts (24) 
or, since Ay% = 3.0 x 10° cm/sec = velocity of light, 
®@ — Be. volts (25) 


For frequencies of light higher than » (that at which the photo-electric 
effect begins) Einstein’s equation should give the maximum energy with which 
electrons can escape from the surface. These maximum velocities can be mea- 
sured by determining the greatest opposing potential against which the electrons 
can move. 

Diagrammatically, the arrangement may be represented as in Fig. 1. The 
metal to be investigated, A, is exposed to the action of ultra-violet light from 
the source L, and.is placed close to a metal plate B used to catch the elec- 
trons given off by A. A potentiometer P makes it possible to impress any 
desired potential on the plate. An electrometer E serves to measure the small 
currents set up by the electrons which strike B. 

Let V, and V, be the potentials of A and B respectively. Then the work 
to be done to carry an electron from just outside the surface of A to the sur- 
face of B will be (V,— V;) e where e is the charge on an electron. Since 
this energy must be derived from the kinetic energy retained by the electron 
after its escape from A, it cannot exceed hy—P. Thus no electron current 
can flow from A to B unless the quantity (V,—V,)e is less than hy—P. We 
may therefore measure hy—P by finding the largest value of V,—V, for 
which current will still flow. 





Fic. 1. 


Richardson pointed out that the potential difference V,—V, is not equal 
to the potential V applied by the potentiometer (shown by P, Fig. 1), but is 
equal to 


V,—V, = V+K (25a) | 
where K is the contact difference of potential between A and B and is equal to 
K= $,—9, ‘ (26) 


If we let V represent the greatest opposing potential from the electrometer 
which still allows current to flow, then 


(V-+K)e = hy—P (27) 


Google 


190 Contact Potentials and Electrochemical Action 


By multiplying this by N/F and combining with (12), it may be made 
to take the form 

Nhy 

F 


The coefficient Nh/F, according to equation (24), is equal to 4.14x 10-™ 
volt-seconds. 

Experimentally V may be determined as a function of ». According to 
equation (27), there should be a linear relation between these variables as 
indicated by the heavy line SU in Fig. 2. The slope of this line gives the value 
of Nh/F and thus serves as a very accurate means of determining A. 

As the frequency of the light is decreased, the opposing potential V must 
also be decreased and must finally be made negative; that is, the plate B must 
be positively charged by the potentiometer in order to counterbalance the 
contact potential K. However, when the frequency is decreased to ¥ all photo- 
electric effect ceases, so that the curve STU ends sharply at S. 

The ordinate RS must be equal to the contact potential K. 

This contact potential may, however, be readily obtained experimentally 
by means of the apparatus shown in Fig. 1. If the plates A and B are at 
different potentials, they constitute a charged condenser. If the distance be- 
tween them is changed, then the capacity is altered, so that the potential differ- 
ence also changes and is indicated on the electrometer E. But if the plates are 
brought to the same potential by the potentiometer P then no deflection occurs 
when they are separated. Under these conditions the potential applied by the 
potentiometer just balances the contact potential and serves as a measure of it. 

By means of the apparatus shown in Fig. 1 the following data may be 
obtained in any simple experiment: 

1. The value of ®,. This is obtained from » (abscissa of R, Fig. 2) by 
means of (24). 

2. The contact potential K by means of the ordinate RS, Fig. 2. 

3. The contact potential K by direct measurement (condenser method). 

4. The value of hk from the slope of the line SU. 

. Since K = ©,—@, the value of ®, found by 1 enables us to determine 5. 
The theory is thus eminently susceptible to experimental verification. 
Richardson and Compton have verified several of the conclusions derived 

from this theory, but the work of Millikan (Proc. Nat. Acad. Sci. (1916) 2, 
78; Phys. Rev. (1916) 7, 355; Phys. Rev. (1914) 4, 73), and also a paper by 
Hennings (Phys. Rev. (1914) 4, 228), extending over several years, has con- 
clusively proved that all the above deductions from Richardson’s theory are 
accurately applicable to photo-electric phenomena. 

In this work, clean fresh metallic surfaces have been obtained by cutting 
the metal in a very high vacuum (pressure probably about 10-° mm of mer- 


V+K= ®, (28) 
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cury) and the measurements of the photocurrents and contact potentials were 
made immediately thereafter. 
Millikan summarizes his results somewhat as follows: 
1. There is a definite maximum energy of electronic emission under the 
stimulation of a given frequency. 
2. When V is plotted against o a straight line (STU Fig. 2) is obtained. 
3. The slope of this line multiplied by F/N is 6.57 x 10-*’, a value which 
is in complete agreement with the best values of & determined in other ways. 





Fic. 2. 


4. The values of the contact potential obtained by direct measurement 
(method 3) are in full accord with those obtained by the method 2 given above. 

5. If ©, and @, are determined separately by means of » (by illuminating 
first A and then B), and these values are substituted in the equation 
K = ®,—@,, then the value of K thus obtained is found to be in good 
agreement with those found by the two previously described methods. 

6. Contact potentials are independent of the temperature. This is impor- 
tant, in that it shows that the values of ® found at high temperatures by means 
of the thermionic emission should be the same as those found at low tem- 
peratures by means of the photoelectric effect. 

The three phenomena, contact potential, photo-electric effect and ther- 
mionic emission, are thus shown to be intimately related to each other. The 
quantity ® (or w) may be called the ‘“‘electron affinity” of the metal, since 
it is a quantitative measure of the work done in separating electrons from the 
metal. It is this affinity which determines the behavior of the metal in each 
of these three effects. It is evident, therefore, that if contact potentials are 
to be explained as the result of chemical action, the same explanation must 
be used for the thermionic and photo-electric effects. We have seen that the 
attempt has been made to explain the thermionic effect in this way. 
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Similar attempts have been made in the case of the photo-electric effect. 
Pohl and Pringsheim (Phystk. Zeit. (1913) 14, 1112) found under certain 
conditions that the photo-electric effect was much decreased by improving the 
vacuum, and suggest that perhaps the whole effect is due to interaction be- 
tween the metal and residual gases. Wiedmann and Hallwachs — the latter 
the discoverer of the photo-electric effect — (Verh. deut. phys. Ges. (1914) 
16, 107) go further and state emphatically as a conclusion from experiments 
with potassium that ‘‘the presence of gas is a necessary condition for appreciable 
photo-electric electron emission.” 

Fredenhagen and Kuster (Phys. Zeit. (1914) 15, 65, 68) conclude that the 
same is true for the photo-electric effect from zinc, and in a still later publi- 
cation Fredenhagen (Verh. deut. phys. Ges. (1914) 16, 201) claims to find 
that both the thermionic emission and the photo-electric emission from po- 
tassium are entirely dependent on the presence of gas. 

Dr. Dushman in this laboratory has repeated Hallwachs’ and Fredenhagen’s 
experiments (Physik. Zeit. (1914) 15, 524) under much better vacuum con- 
ditions than those employed by the German investigators, and finds no dif- 
ficulty in obtaining both thermionic and photo-electric electron emission. 
O ne of the reasons for their failure to obtain emission may have been the same 
as in the experiments of Pring and Parker on thermionic emission, namely, 
disregard of the space charge phenomena and of the charging up ot the walls 
of the apparatus. 

Perhaps one of the best indications that these results of Wiedmann and 
Fredenhagen are due to secondary causes is that Millikan’* by cutting fresh 
metal surfaces in very high vacuum, finds that the photo-electric effect still 
persists. 

Another reason for believing that the photo-electric property is an intrinsic 
property of pure metals is afforded by the fact that Einstein’s equation has 
been verified with high accuracy!’ in the case of the production of Roentgen 
rays by rapidly moving electrons, and also in the reverse process of the emis- 
sion of high velocity electrons by Roentgen rays. There is thus the best of 
evidence that the maximum velocity with which electrons are set into motion 
by light is exactly given by the equation 4mv*=h/y. It is certain that the 
electron emission by Roentgen rays is not caused by chemical action, and the 
probability is thus great that the electron emission by light (which follows the 
same law) must also be the direct result of the action of the light. 

Because of the relationships between the different phenomena, a proof 
that any one of them is not caused by chemical action must be considered to 
be proof that none of them is so caused. 

It is, however, a fact beyond question that the presence of films on the 
surface of metals, such as may be produced by chemical action, may enor- 

A.W. Hull, Phys. Rev. (1916) 7, 156. 
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mously alter all three of the phenomena — contact potential, thermionic effect 
and photo-electric effect. This may be brought about either by formation 
of a charged double layer (Richardson), which has the effect of changing the 
value of ®, or by covering up a portion of the surface (Langmuir) with a ma- 
terial which has a very different electron emission. On this theory we should 
therefore expect (and we actually find in practice) that the three different 
classes of phenomena are affected in similar ways by any of the factors which 
may alter the surface conditions. 

Ve VI. Ionizing Potentials and Single-Line Spectra 

The electron affinity ® of different metals should be related to many other 
properties of metals beside those we have considered thus far. Hughes (Phil. 
Mag. (1913) 25, 683) has suggested that the ionizing potential of a metal 
vapor'® may be equal to ® and on the basis of this assumption has endea- 
vored to calculate the ionizing potential of oxygen from the wave length of 
the ultra-violet light at which oxygen begins to absorb the light strongly. 
The ionizing potential is a measure of the work which must be done to remove 
an electron from a neutral gas molecule, while @ is the work needed to remove 
an electron from the surface of a solid metal. There is no good inherent reason 
to think that these two quantities should be equal, but we may reasonably 
expect that they should run more or less parallel. 

Frank and Hertz (Verh. d. deut. Phys. Ges. (1914) 11, 512) have found 
the ionizing potential of mercury vapor to be 4.9 volts. Furthermore, when 
electrons with a velocity only slightly more than 4.9 volts were allowed to collide 
with mercury atoms, they observed that the mercury vapor emitted a spectrum 
consisting of a single line of wave length 253.7 uu. Frank and Hertz pointed 
out that the energy of an electron which has fallen through a potential differ- 
ence of 4.9 volts is almost exactly equal to a quantum of energy hy where 
vy is the frequency corresponding to the observed spectrum line. The voltage 
corresponding to any given wave length according to the quantum theory may 
be calculated by equation (25) which we have used in calculating the voltage 
corresponding to the long wave limit in the photoelectric effect. The wave 
length 253.7 thus corresponds to 4.89 volts, well within the experimental 
limit of error of Frank and Hertz’s value. 

McLennan and Henderson (Proc. Roy. Soc. (1915) A,91, 485; Journal 
Franklin Inst. (1916) 181, 191) have shown that by using very low voltages 
(4-13 volts) various other metal vapors may be made to emit single-line 
spectra. The lines obtained in this way may also be observed as absorption 
lines under certain conditions. McLennan assumes that these single lines cor- 
respond to the ionizing potentials. In this manner they obtain the values given 
in Table II. 


18 The ionizing potential of a gas is the difference of potential through which an electron 
must move in order to acquire sufficient velocity to cause ionization when it collides with a neutral 
gas molecule. 


13 Langmuir Memorial Volumes III 
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Tasyz II 
Ionizing Potentials Calculated from Single-Line Spectra 


Element | Wave length Ionization potential"® 
Mercury 253.7 pp 4.89 volts 
Zinc 307.6 4.04 ,, 
Cadmium 326.0 ,, 3.81 ,, 
Magnesium 285.2 ,, 435, 
Calcium 422.7 ,, 2.94 
Strontium 460.8 ,, 2.69 ,, 
Barium 553.6, 2.24 ,, 


Single-line spectra have not yet been found in the cases of the alkali metals, 
so that the ionizing potentials of these cannot yet be obtained in this way. 
It is, however, of some interest that the first lines of the principal series of 
these elements furnish values for the ionizing potentials which seem to be 
entirely reasonable and consistent with the known properties of these ele- 
ments and their relations to other elements. The values so obtained are given 
in Table III. Whether or not these lines actually correspond to the ionizing 
potentials can only be determined by further experiment. 


Tass III 
Hypothetical Values of Ionizing Potentials Calculated from First Lines 
of the Principal Series in the Spectra of the Alkali Metals 


Element | Wave length | Ionization potential 
Lithium | 671 up 1.85 volts 
Sodium 589 ,, et 
Potassium | 770 ,, 1.61, 
Rubidium | 795 ,, 1.56 ,, 
Caesium | 894 ,, 1.39 ,, 


Discussion Regarding the Measurement and Nature of Contact 
Potentials 


The evidence that has accumulated in the last few years and which has 
been reviewed in the preceding pages, affords conclusive proof that contact 
potentials exist independently of chemical reactions, and are of the same order 
of magnitude as those observed by Volta. This opinion is, however, by no 
means universally held and much more will need to be published on this 
subject before it becomes so. A large amount of unpublished data of a more 
or less qualitative nature has been obtained in this laboratory which very greatly 


*® Calculated from the wave lengths by equation (25). 
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strengthens our conviction that the effect is a genuine and inherent property 
of pure metals. Thus we have observed large contact potentials (a couple of 
volts) between tungsten and potassium under conditions of vacuum very much 
better even than those described by Millikan. Chemical reactions with the 
small pressures of residual gas furnish an entirely inadequate explanation 
of such effects. The results of a series of measurements of contact potentials 
on several metals with freshly prepared clean surfaces, in exceptionally good 
vacuum, will probably be published in the near future. 


The Volta series of the elements is determined by the magnitude of 9, 
the electron affinity. As soon as it is established that this quantity is an 
inherent property of pure metals its significance becomes very great, and it 
is a matter of importance to determine it with accuracy. Unfortunately, the 
experimental difficulties have been so great that very few accurate determina- 
tions of this quantity are available. Although it is certain that the effects ob- 
served are not due directly to chemical action, it is equally certain that very 
minute traces of chemically active gases will produce surface films whick 
alter (usually decrease) the contact potentials. 

From the descriptions that have been published it is felt that none of the 
experimental conditions which have been employed, except some of those 
used in this laboratory, have been such as to give clean metallic surfaces. Mil- 
likan’s experiments have undoubtedly been the best in this regard, yet even 
here there is very good evidence that the metal must have been oxidized 
before his first measurements were made. In Millikan’s experiments, the glass 
vessel enclosing the apparatus for cutting the metal surfaces had not been | 
heated to high temperature to drive off moisture. Now Dushman (Phys. 
Rev. (1915) 5, 224) has shown in this laboratory by means of a highly sensitive 
vacuum gage devised by the writer (Phys. Rev. (1913) 1, 337), that even with 
a Gaede molecular pump exhausting through a glass tube 3.0 centimeters 
internal diameter (about 5 ft. (150 cm) long) the pressure did not fall below 
0.2 bar®® even after exhausting continuously for one hour. By placing a liquid 
air trap between the pump and the gage, the pressure fell to 0.09 bar. By 
baking out the bulb containing the gage at 300°C for one hour, the pres- 
sure became 0.03 bar, but to obtain still lower pressures it was necessary 
to heat all the tube connecting to the pump. The pressure thus fell to less 
than 0.0007 bar. The pressures that thus persist in an apparatus which has 
not been thoroughly baked out are due mostly to water vapor, which is 
given off at such low pressures that it can only be removed extremely slowly 
by the pump. It has previously been shown (J. Amer. Chem. Soc. (1913) 35, 
106; Trans. Amer. Inst. Elect. Eng. (1913) 32, 1920), on heating a 40-watt 


3° The bar is the c.g.s. unit of pressure, and is equal to one dyne per sq. cm, or 0.00075 mm 
of mercury (?/, micron). This unit of pressure is particularly convenient for all low-pressure: 
work. It is almost exactly one-millionth of an atmosphere. 
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lamp bulb to 200°C, that 200 cu. mm of water vapor*! (not shown by McLeod 
gage), 5 cu. mm of carbon dioxide and 2 cu. mm of nitrogen are given off, 
although the bulb had been previously dried out for 24 hours at room tem- 
perature by exposure in a good vacuum to a tube immersed in liquid air. 

In Millikan’s experiments the surface of glass exposed (to say nothing of 
the metal parts which also adsorb gas) was very much greater than that of 
the 40-watt bulb, probably ten times as great. It is reasonable to suppose, 
therefore, that the glass walls even after 24 hours’ exposure to the pump retained 
several cubic centimetres of gas. Experience of many kinds has proved in this 
laboratory that this gas slowly leaks off at room temperature. Millikan esti- 
mates that the pressure in his apparatus was about 0.001 bar. One cubic cm 
of gas at atmospheric pressure would have a volume of 1,000,000 dters at 
a pressure of 0.001 bar. How long would it take to exhaust this quantity of 
gas at this pressure? | 

It may be shown from a formula given by Knudsen (Ann. Phys. (1909) 
28, 76), and which has been thoroughly tested in this laboratory, that the 
maximum speed S at which air may be exhausted through a tube of length L 
and diameter D is. 


S = 12,200 > (28) 


If D and L are expressed in cm, S represents the speed in cubic cm per 
second, at the pressure of the gas in the vessel being exhausted. If in Millikan’s 
experiments the tube connecting to the pump had an effective internal dia- 
meter of 0.8 cm and a length of 50 cm, then S = 125 cc. per second is the 
maximum speed of exhaustion. At this rate it would take 95 days to remove 
the million liters of gas which correspond to one cubic centimeter at atmo- 
spheric pressure. From this we may conclude that the pressures in Millikan’s 
experiments were always much above 0.001 bar. 

On the other hand it may be shown* that a pressure even as low as 0.001 
bar of a chemically active gas, such as water vapor, is sufficient to cause the 


31 These volumes are reduced to atmospheric pressures. 


*? This calculation is as follows: In a previous article (¥. Amer. Chem. Soc. (1915) 37, 1145), 
the number of gas molecules which strike a cu. cm of a surface per second was shown to be 


n = 2.65 x 10% p//MT 


where p is the pressure in bars, M is the molecular weight of the gas, and T is its tempera- 
ture. For water vapor (M = 18) at 300° absolute and 0.001 bar pressure, this gives n = 3.6x 10" 
molecules per cu. cm per second. To cover a cu. cm with a layer one molecule deep would take 
about 10 molecules. Thus if every molecule striking the surface should adhere to it or con- 
dense on it, it would only take 3 seconds for the surface to be practically covered. It will be 
shown in a paper soon to be published that there are excellent reasons for believing that nearly 
every molecule of an active gas reacts or condenses on a surface on its first collision with the 
surface. It is thus highly probable that the surface would be covered by a film of some sort within 
a very few seconds, even at as low a pressure as 0.001 bar. 
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formation of an adsorbed film of molecular thickness within about 3 seconds. 
We have found films of this thickness to have a very great effect on ther- 
mionic emission and may conclude that the effect on contact potentials would 
be equally important. Millikan’s measurements were never carried out in less 
than 15 seconds, so there is good reason for believing that the surfaces were 
not pure. The absence of fatigue in his experiments may be only an indi- 
cation that the formation of a film of more than molecular thickness takes 
place slowly. 

The experiments of Hughes (Phil. Trans. (1912) 212, 205, and Phil. Mag. 
(1914) 28, 337) on the photo-electric effect and contact potentials of freshly 
distilled metals (in vacuum) were made under much worse vacuum conditions. 
In fact, various experiments in this laboratory have shown that films of metal 
distilled in apparatus which has not been baked out show signs of very mar- 
ked contamination, even their mechanical and optical properties being seriously 
affected by the gases carried down with them. 

It may be well to contrast with these conditions those used by the writer in 
his determination of the electron emission from tungsten at high temperatures 
(Phys. Zeitsch. (1914) 15, 519). Two tungsten filaments were mounted side- 
by side in a bulb by welding them to platinum leads which had previously been 
fired in a vacuum furnace to free them from gas. The bulb was exhausted 
by a molecular pump (using also liquid air trap) for several hours while being 
heated to 360°C, during which time the filaments were heated to a high tem- 
perature to drive off gas. The bulb was then sealed off and both filaments 
were aged at a high temperature. Previous work with a vacuum gage (Dush- 
man, Joc. cit.) had proved that this treatment cleans up residual gases to a re- 
markable degree, so that even when the bulb is less perfectly baked out (250°C) 
the pressure is lowered well below 0.001 bar. The electron emission was 
now measured, one filament being used as cathode and the other as anode 
(both electrodes gas-free). In order to improve the vacuum still further the 
bulb was kept completely immersed in liquid air while one of the filaments 
was heated until it vaporized so much that a dense deposit of tungsten col- 
lected on the bulb. The electron emission was now again determined (bulb 
still in liquid air) using part of the time the gas-free tungsten deposit on the 
bulb as anode. The vacuum must have been extraordinarily high (probably 
of the order of 10-° bars) in this experiment, for it has been found that tung- 
sten vapor under these conditions combines with all known gases except the 
inert gases, and, in addition, with the bulb at low temperatures, has a strong 
tendency to adsorb even the latter gases. Furthermore, it has been shown that 
the inert gases (which are the only ones which could withstand such treat- 
ment) have no effect on the electron emission. Notwithstanding the enormous 
decrease in pressure which must have been produced by this treatment, no 
change occurred in the electron emission, proving conclusively that the presence 
of gas was not essential to the phenomenon. 


Google 


198 Contact Potential and Electrochemical Action 


In order to make sure that the effect was not influenced by a very stable 
adsorbed film on the surface of the filament, the latter was heated in some 
cases to a temperature at which a perceptible thickness of tungsten was distil- 
led from its surface. But even this treatment brought about no change. 

In order to obtain absolutely trustworthy data in regard to the electron af- 
finity of metals it will probably be necessary to resort to distillation of metals 
in a similarly high vacuum. Work of this character with a number of different 
metals is in progress. 

For the present, therefore, we must remain content with approximate va- 
lues of the electron affinity for most of the metals. I have endeavored to collect 
together the best of the available data, and present them in Table IV. 


TaBLe IV 
The Electron Affinity of the Elements, ® in Volts 


Thermionic |Photo-electric Single-Line 


Method: | Contact (Langmuir, | and Contact Photo-electriciyy:,-etlaneous| _ Spectra 





(Henning) Table 1) (Millikan) (Richardson) Tables II 
or III 

Tungsten | 4.52 3: 
Platinum po 4.3 4.45 
Tantalum ri 31 Kae 
Molybdenum 4.31 
Carbon 4.14 
Silver 4.05 iinet ee siete 
Copper (4.0) Heat ee 4.1 
ahi er faux 3.7 

3. 78 nets 3.5 
ie 3.86 3.2(2) we ee re 
Zinc | 3.46 ate %s Kicee 3.4 er 4.04 
Thorium | 3.36 Sees ie 
Aluminium 3.06 eae Sais 2.8 re cee 
Magnesium 2.63 dwn 3.2 ore 4.35 
Titanium or 2.4(2) wie jae etatars ieee 
Lithium | gcicea 2.35 or cats 1.85 
Sodium eee) eek oe eee 1.82 oa | Pree 2.11 


It is seen that the agreement between different observers is usually within 
a few tenths of a volt. In the case of magnesium Richardson’s sample was 
probably oxidized. Henning’s value for this metal was found immediately 
after cutting a fresh surface and he found that this metal was more affected 
by admitting air than any of the others which he studied. 

The ionizing potentials, as determined from the spectrum, is of the same 
order of magnitude as ®, but in the case of magnesium the difference is 
much larger than the probable error. It seems, therefore, that the work neces- 
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sary to take an electron from an atom of a metal vapor is only approximately 
equal to that needed to separate it from the solid metal. It is a remarkable 
fact that they should be as close together as the results indicate. 


Mechanism of Electron Emission and Contact Potential 


According to the old Volta theory, the seat of the potential difference was 
at the junction of the two metals. According to the chemical theory, the 
electromotive force was located at the junction of the metals with the electrolyte, 
or in the case of Volta’s condenser experiment the electromotive force was 
thought to be at the junction of the metal with the air or surrounding space. 

An examination of Richardson’s theory of contact potentials shows that 
it does not inherently involve any assumption as to the location of the po- 
tential difference. The contact electromotive force V,—V, (equation 19) is 
the difference of potential between points just outside of the surfaces of the 
two metals. 

Helmholtz has proved that wherever there is a discontinuity of potential 
at a surface there must be an electric double layer, consisting of positive and 
negative surface charges separated by a small distance. It is possible to assume 
that such double layers exist at the surfaces of metals and that these cause 
a discontinuity of potential at their surfaces. In this case it is unnecessary to 
assume any difference of potential at the junction between the metals. But 
it must not be assumed that these double layers are produced by chemical action 
or by gases; they must be inherent to even pure metal surfaces. 

On the other hand, the existence of surface double layers on pure metals 
may be denied and it may be assumed that a double layer exists at the junction 
of the metals. Either assumption would fit in equally well with Richardson’s 
theory and would give the same relationships between thermionic, photo- 
electric and contact phenomena. 

The main fact brought out by the work of Richardson and his collaborators 
is that there exists, in the space around two metals in contact, an electric field 
which is a result of intrinsic properties of pure metals. 

Although the validity of Richardson’s theory is in no way affected by as- 
sumptions regarding the location of the potential discontinuity, yet there are 
good reasons for assuming that the contact potential is actually located at the 
junction of the metals. 

A study of the probable mechanism of the emission of electrons will make 
this clearer. 

Richardson* (Phil. Mag. (1912) 23, 278) in discussing the nature of the 
work w, points out that if electrons were infinitely small, it would be ne- 
cessary to assume a double layer at the surface in order to account for finite 


* A similar theory had been previously advanced by Jentzsch (Ann. Physik. (1908) 27, 129 
and had been developed in detail by Debye (Ann. Physik. (1910) 33, 441). 
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values of w. But with electrons of finite size there may be a difference of po- 
tential energy between an electron inside and outside the metal, even when 
no double layer is present, due to ‘‘the work done by the electron against the 
attraction of its image®* in the conductor. This 1s not infinite, as in the ordinary 
electrostatic theory, because the volume density of the electrification in the ulti- 
mate atoms of positive and negative electricity 1s finite.” 

‘‘This discussion brings out the necessity for using great care in the employment 
of the terms electric force and electric potential in problems of this character.” 

Electric potential must, however, be defined in a manner consistent with 
the application of the potential function in other branches of science.*4 

If we have two points, A and B, between which we wish to measure the 
difference of potential, we determine the amount of work W which must 
be done to move an electric charge e from A to B. In the great majority of 
practical cases we find that the work W is proportional to the charge e, so that 
we may then define the potential difference as W/e; that is, the work done to 
move the unit charge from A to B. In the cases that we shall now con- 
sider, however, we find that W’ is not proportional to e. In order to be consistent, 
it then becomes necessary to define the potential difference as the limiting 
value of W/e, when e decreases without limit. In other words, the potential 
difference is dW/de. 

Let us now return to consider an electron escaping through a metallic 
surface at which no electric double layer exists. According to Helmholtz 
there will’ be no difference of potential between the interior of the metal and 
the space immediately surrounding it. An infinitesimal electric charge could 
pass through such a surface without doing any work. But an actual electron 
coming from within the metal must be subjected to an attractive force the 
moment it gets beyond the surface layer of atoms. This force does not exist 
independently of the electron, but is called into existence by the mere pre- 
sence of the electron. By the theory of images it is evident that the work 
which the electron will have to do in order to escape will be proportional to 
e?, where e is the charge on the electron. 

Schottky (Physik. Zeitsch. (1914) 15, 872), in order to estimate the effect 
of intense electric fields on thermionic currents, has extended this theory by 


#3 When a charged body is brought close to a metallic conductor, a charge of opposite sign 
is induced in the surface of the conductor and this exerts an attraction on the charged body. Sir 
Wm. Thomson has shown that in such cases the attraction is the same as if the conductor 
were replaced by a second charged body having the shape and position of the optical image of the 
first charged body reflected in the surface of the conductor. If the conductor is a plane sur- 
face, the optical image of an electron situated at a distance x outside the surface would be 
located at a point a distance x behind the surface. The attraction between a positive and 
a negative electron separated by the distance d is e*/d?. Hence by Thomson’s “method of 
images,” the attraction between an electron and a metallic conductor (plane surface) would 
be e?/(2x)?. 

*4 Magnetic potential, gravitational potential, velocity potential, etc. 
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making a definite hypothesis as to the manner in which the attractive force 
varies when the electrons are close to the surface of the metal. 

The force exerted on an electron by the charge induced in a perfectly con- 
ducting plane at a distance x is 


e2 
F= ta (29) 
The work done dw in increasing the distance by an amount dx is thus gi- 
ven by the equation 


etdx 

dw = ye (30) 

This equation is only valid when the electron is at such a distance from the 

metal surface that the induced charge may spread over the surface, as postu- 

lated by the electric image theory. Obviously, for distances comparable with 

the dimensions of the atoms, this relation must break down. We may assume 

that for distances greater than x, the equation (29) is valid, but that some 

other law of force F(x) holds for distances less than x9. The total work done 

when an electron escapes from a metal will. thus consist of two parts, as 
follows: 


Wo = | F(x) dx (31) 
v0 
re dx e? 
W,= Ne ae (32) 
W=W,tW, (33) 


The manner in which the attractive force between the electron and the 
surface may be assumed to vary is illustrated in Fig. 3. The ordinates repre- 
sent the force acting on the electron when it is at a distance x from the sur- 
face. The curve SPT gives the law of force represented by (29), which is only 
valid to the right of the point P (x = x). For values of x less than x, 
we may make various assumptions as to the law of force. 

1. Schottky assumed that the force F(x) is constant between x = 0 and 
* = x9. This corresponds to the force represented by the line NP. Thus 
the force is | 


e 
F(x) = Fat (34) 
and by (31) 
. @ 
W,= rm (35) 
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whence by (32) and (33) 


e 
W= Bes (36) 





2. Schottky’s assumption involves a finite force NO even for infinitesimal 
displacements of the electron from its normal position O. It is more probable 
that for small displacements the restoring force is proportional to the displa- 





cement, and that for larger displacements it increases to a maximum and decrea- 
ses again. The simplest assumption of this kind is that represented by the 
line OP. Thus 


e? x 


F(x) = ye (37) 
which leads to 
1 e 
W.= rar (38) 
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and 


3 é 
W= ca (39) 
3. The sharp break in the curve which occurs at Pon the above assumption 
cannot correspond with the true nature of the phenomenon. This objection 
is avoided if we assume that the force F may be represented by a parabola 
OVP passing through the origin and tangent to the curve SPT at the point P. 
The equation of a parabola passing through the origin is 


Yu22_(2) (40) 


where x, and y, are the co-ordinates of the point V, the vertex of the pa- 
rabola. 

If we impose the condition that the curve shall have the slope m at the 
point P (x9, yo) we find 














%  2—2y 
m= 2-y “ 
16g SOY) 42 
rn Cy) wa 
where 
MX 
= 43 
=, (43) 
The area (OV Px,) under the curve OVP may be shown to be 
a 4 
Wo= | yde— x 0 Yo (44) 
Now by (29) we have 
e e* 
Yo = Fa and aia (45) 
whence 
y= —2 (46) 
Substituting (45) and (46) in (44) gives 
e2 
W,= ren (47) 
Thus 
e 
W= Tae (48) 


which is the same relation as that obtained on Schottky’s assumption 1 (equation 
36). Thus the two shaded areas shown in Fig. 3 just balance one another. 
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By (41) and (42) we find the co-ordinates of the vertex (V) of the parabola 
to be 


Xo (49) 


y= 


w| to 


4 1 é 
M1 ZI Fe (50) 


By comparing equations (36), (39) and (48), we see that the value of x» 
does not depend very greatly on the particular assumption made as to the 
law of force when x< x. From the experimental values of W we should 
thus be able to calculate approximate values of x, with a considerable degree 
of certainty. Since the third method given above.leads to the same equation 
as that found by Schottky, we shall employ the latter (equation 36) in our 
calculations of xp. 

The quantity W is the work done in removing a single electron from a metal. 
We have previously defined the electron affinity ® as the volt equivalent of 
this work, so that q 


We 
$= =7, (51) 


Substituting Millikan’s value for e (4.774X10-? e.s.u.) and converting 
to volts (1 volt = 300 e.s.u.) this equation becomes 


8 
a 7.16 x 10- = 
Xo 


olts (52) 

By means of this equation we may calculate the values of x, from @. 

In Table V the second column contains the data for ® obtained by taking 
weighted means from the values of Table IV. The third column gives x9 
as calculated by equation (52). 

It has been found by Bragg (Phil. Mag. (1914) 28, 355) and Vegard (Phil. 
Mag. (1916) 31, 83) that the atoms in crystals of copper and silver are arran- 
ged according to a simple face-centered cubic lattice structure. With this 
arrangement of the atoms it may be readily shown that the shortest distance 
between adjacent atoms, which may be presented by ag, is given by the relation 

o = 1.33 x10-* Yu (53) 
where V is the atomic volume (atomic weight divided by density). 

We should expect x, to be commensurate with o and for metals which 
have similar structures it seems probable that x) would be approximately pro- 
portional to o. To test this out, the values of o have been calculated by equa- 
tion (53), using the atomic volumes given in column 4. Column 5 contains 
the values of o while the next column gives the ratios x,/o. 
pj. It is seen that this ratio is very nearly constant (0.56) for all the elements 
having atomic weights greater than 60. The values of x,/o have been plot- 
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TABLE V 
1 | 2| 3 | 4 | 5 | 6 | 7 8 | 9 
rs ee ee a ee en ee ee 
| | Atomic | | Xo Atomic IMaximurn| Xo 
Element | @ | x% volume o “> | number ; valency o 

| an cy ee | | zo V calculated 
WwW i 4.52 | 1.58.10-8 42 | a.s8t0-#) 9.7 | 2.83.10-§| 0.56 74 6 | 056 
Pt | 4.42 | 1.63 91 | 2.78 0.59 78 4 | 0,56 
Ta | 4.3 | 1.66 | 10.9 | 2.95 0.56 73, | #5 | 0.56 
Mo | 4.3 | 1.66 | 10.7 | 2.93 0.57 42 | 6 0.57 
Cc | 4.1 | 1.74 5.5 | 2.35 0.74 6 | 4 0.72 
Ag i 44 | 1.74 | 10.3 | 2.90 0.60 47, | 1 0.62 
Cu | 4.0 | 1.79 7.1 | 2.56 0.70; 29 | 2 0.66 
Bi | 3.7 | 1.93 | 21.2 | 3.68 0.53 83 | 5 0.56 
Sn 3.8 | 1.88 16.3 | 3.38 0.56 50 | 4 |! 0.57 
Fe | 3.7 | 1.93 7.1 | 2.56 0.75 26 3 0.64 
Zn 3.4 | 2.10 | 9.2 | 2.79 0.75 30 | 2 0.66 
Th | 3.4 | 2.10 21.2 | 3.68 0.57 90 4 0.56 
Al 3.0 | 2.38 10.4 | 2.90 0.82 13 3 0.72 
Mg 2.7 | 2.65 14.0 | 3.20 0.83 12 2 0.81 
Ti 2.4 | 2.98 10.7. | 2.93 1.02 22 4 0.64 
Li 2.35 | 3.04 13.1 | 3.14 0.97 3 1 1.27 
Na 1.82 | 3.93 ee 23.7 | 3.82 1.03 11 1 | 1.07 


ted in Fig. 4 against the atomic numbers” of the elements as given in column 7. 
It appears that the ratio increases as the atomic number decreases, particularly 
in the case of elements of low valency. The following empirical formula seems 
to give values of x,/o which are in fair agreement with the experimentally deter- 
mined values. 


Xo 0.8 Nn\° 
— = 0.56+ a — aa (54) 

Here v represents the maximum valence given in column 8. Values of x)/0 
calculated by this equation are tabulated in the last column. Curves obtained 
by means of the equation for different valencies are also plotted in Fig. 4. 
In view of the uncertainty in the experimental values of ®, too much stress 
should not be laid on the agreement or lack of agreement of the calculated 
and observed values. 

By means of this formula, however, it should be possible to predict very 
approximate values of x) and therefore ® for any metallic element. 

For the heavier elements, x,/o is approximately constant. From equations 
(52) and (53) it therefore follows for these elements that ® should be inversely 
proportional to the cube root of the atomic volume. It is interesting to note 


*%5 The data on the atomic volumes and atomic numbers used in Table V have been taken 
from a paper of Harkins and Hall, ¥. Amer. Chem. Soc. (1916) 38, 169. 
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that Richardson in 1903, in giving values of ® for sodium, platinum and car- 
bon, remarks that ‘‘These numbers are inversely proportional to the cube roots 
of the atomic volumes.” 

This relation acquires a new significance by the method of derivation 
employed above. Its approximate agreement with the facts must indicate 
that the attraction of an electron by a metal surface depends, for the heavier 
elements, only on the size of the atoms. The distances to which the effects 


lela SS ba 
COC Pee eT 
OG BE 
CITT TT Vader delete CITT TT 
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attributable to atomic structure extend, is thus proportional to o the diameter 
of the atoms. From the numerical value of x )/o we may conclude, when an 
electron is at a distance from a metal surface greater than 56 per cent of the 
diameter of the atoms, that the charge induced by the electron in the metal 
is substantially the same as if the metal had a continuous structure. On the 
other hand, according to equation (49), we may estimate that the distance at 
which the electron is subjected to the maximum attractive force is 3 of 56 
per cent, or 37 per cent of the atomic diameter. 

This result is so eminently reasonable that it lends strong support to the 
theory that the larger part of the work done in removing electrons from metals 
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is expended in overcoming the attraction between the electron and its induced 
image. Although it is possible that electric double layers may exist on pure 
metal surfaces, the above reasoning makes it probable that such layers can 
account for only a small part of @. 

The increase in x,/o for elements of low atomic weight and low valency 
appears to be perfectly consistent with the above theory. According to Ruther- 
ford’s and Bohr’s theory of atomic structure, atoms consist of a central nucleus 
having a positive charge equivalent to N electrons surrounded by one or more 
_ fings of negative electrons. The total number of electrons in all the rings is 
the atomic number N. It is natural that charges should be more easily induced 
in atoms containing many electrons than in those with few. On the other hand, 
with atoms containing very large numbers of electrons, the shape or arrange- 
ment of the atoms becomes more important than the number of electrons in 
them. Hence, when N is large, x,/o is constant (0.56), but when N becomes 
small, x,/o increases; that is, the effect of the structure extends to relatively 
greater distances. 

The effect of valency may be explained in a similar way. According to Stark’s 
theory, valency is due to ‘‘valence electrons” in the outside ring of electrons. 
We may suppose that these electrons respond particularly easily to disturbing 
forces. The greater the valency, therefore, the more readily may charges be 
induced. With elements containing large numbers of electrons, however, 
valence will be of little importance, since the shapes and arrangements of the 
atoms will be the determining factor. 

The above theory of electron affinity leads us te simple and clear ideas as to 
the nature and mechanism of contact potentials. 

Let us consider the case of two plates of different metals, say zinc and cop- 
per, placed parallel to each other a short distance apart. According to Richard- 
son’s theory, since ® is lower for zinc than it is for copper, electrons will pass 
from the zinc to the copper until an opposing potential equal to ®y,—Pzn 
develops between the plates. 

The question has arisen, whether this difference of potential actually exists 
between the metals themselves, or whether it originates in surface layers. If 
the work done when an electron escapes from a metal is wholly due to the 
attraction of its electric image, then this question may be definitely answered 
in the sense that the potential actually does exist between the metals. On the 
electric image theory there is no difference of potential between a metal and the 
space just outside its surface. A difference of potential between a metal and 
its surface layer can occur only when a double layer exists, and we have seen 
that there is reason to believe that the effects of the double layers are negli- 
gible.2¢ 


* Since the atoms in the surface layer of a metal are subjected, in a sense, to unbalanced 


forces, it is probable that the relative positions of the outer electrons and inner nucleus are some- 
what displaced. This would cause a double layer and therefore potential difference at the 
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Since an electric field exists between the zinc and copper plates when they 
are in equilibrium, there must be a positive charge on the surface of the zinc 
and a negative charge on that of the copper plate. If the two plates are now 
connected by a copper wire, the potential difference will not be caangee: for 
the plates were already in a state of equilibrium. 

By bringing the plates together while the wire connects them, the potential 
difference is maintained, and therefore the electric field between them increases 
inversely as the distance between them. The electric charges on the surface 
thus increase. If the two plates are brought into intimate contact a double 
layer will then exist at the surface of contact. 

These relations are illustrated in Fig. 5. There will be a real difference of 
potential (about 0.8 volt for Zn and Cu) at the junction AB. There will be 
no difference of potential between C and D nor between E and F. But in 
the space DE there will be a potential difference equal to that between A and B. 

Suppose we place an inert gas in the gap between C and F and ionize 
this gas by a radioactive substance or in any other manner. The positive ions will 
be drawn to C and the negative to F. If the surface is covered with a film 
which prevents the discharge of the ions, the insulating film will be charged 
(positive at D, negative at E) on its surface. The double layers thus formed 
will destroy the electric field between D and E so that the potential dif- 
ference which previously existed between D and E will now occur in the 
double layers. 

But if the ions can discharge themselves on the plates C and F, then a cur- 
rent will continue to flow as long as the gas continues to be ionized. The posi- 
tive current will flow from C to A, B and F, which is in the same direction 
as if the copper and zinc plates were separated by dilute sulphuric acid instead 
of ionized air. If we open the circuit by cutting through the copper conductor 
at OP then a difference of potential will develop between S and T which will 
be a measure of the electromotive force of the cell. 

The surface S will be positively and T negatively charged and the difference 
of potential will be equal to the contact potential between B and A. 


surface. It is certain, however, that the electric image effect must exist, and since ® agrees 
so well in magnitude with what would be expected on this theory, it may be safely assumed 
that the effect due to possible double layers may be neglected. As a matter of fact, this assump- 
tion only simplifies our ideas, and in no wise does it affect the validity of the conclusions 
that will be drawn as to the relations between contact potentials and electrochemical action. 
Of course the potential inside a metal varies from point to point depending on the proxi- 
mity of electrons and nuclei, so that the term “potential inside the metal’’ needs very careful 
definition before use is made of it. In the present case it will suffice to define it as the po- 
tential of a point in space just outside of the metal when no double layers are present on the surface 
except those which may be inherent to a pure metal surface. 

37 Richardson assumes this equilibrium is brought about by thermionic emission. Of course 
this process would be extremely slow at room temperature, but the slowness should not affect 
the validity of the calculations. According to this view, making contact between the metals is 
analogous to hastening a chemical reaction by a catalyzer. 
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Now Lord Kelvin, Greinacher and others have shown that the potentials 
actually found in this way between the surfaces S and T are practically the 
same no matter whether ionized air or acidulated water is placed between the 
plates C and F. From this fact, Lord Kelvin concluded that the potential ob- 
served with water in the gap was caused by the contact potential, whereas Greina- 
cher concluded that the contact potentials must be caused by the presence of 
adsorbed water. Since we have the best of reasons for believing that contact 
potentials exist independently of water films, we must adopt the view of Lord 
Kelvin that the function of water between the electrodes is similar to that of 
ionized gas, in that both tend to destroy the field between the metals, and thus 
allow the contact potential to manifest itself. 


aA 


7 






























~ 
» 





The case is so simple when ionized gas is employed that a closer study of 
it will help to clarify our ideas as to the mechanism of such actions. 

If we maintain the gas in an ionized condition, current will continue to 
flow. This current represents a definite amount of energy per second, equal 
to the product of the current by the contact potential. Where does this energy 
come from? Where is the seat of the electromotive force which causes the cur- 
rent to flow? 

It is evident that there is no permanent source of energy at the junction of 
the metals. But it takes energy to produce ionized gas, and this ionization is 
destroyed by the flow of the current. It is thus clear that the energy of the cur- 
rent is supplied originally by the ionizing agent. 

On the other hand, the force which causes the current to flow has nothing 
to do with the ionization. An electric field exists in the space between the elec- 
trodes C and F and therefore the ions move towards the electrodes. It is this 
field which must be looked upon as the immediate cause of the flow of current. 
This explains why the energy of the current is proportional to the contact-elec- 
tromotive force and not to the ionizing potential of the gas. 
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A sharp distinction must be drawn between ‘‘difference of potential” and 
‘electromotive force.” We have already defined difference of potential as 
equal to dW/de, that is, as the work per unit charge when the charge becomes 
infinitesimal. We may now define electromotive force as W/e where W is the 
work done when an electron (charge e) moves from one place to another. Thus 
electromotive force is that which tends to cause current (actual electrons and 
ions) to flow. 


We have seen that electrons may be acted on by forces even where no po- 
tential difference exists. Thus at the surface of a metal there is an electromotive 
force equal to ® (tending to make electrons flow into the metal), but there is 
no potential difference. At the contact between two metals, on the other hand, 











Fic. 6. 


there is a difference of potential equal to ®,—®,, but there is no electromotive 
force. In the free space between the surfaces of two metals there is a potential 
difference and an electromotive force, both equal to ,—9®,. This distribution 
of potentials and electromotive forces is illustrated in Fig. 6. The broken curve 
I represents the potential and JJ represents the electromotive force when there 
is a vacuum separating the zinc and copper plates (Fig. 5). Curves JJ and IV 
give similar data for the case when there is ionized gas between the plates. The 
lettering at the top of the figure corresponds to that of Fig. 5. 
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The electromotive force of the ‘‘cell” obtained by the use of ionized gas 
is located at and between the surface of the plates. The electromotive force 
between the metals is maintained by the passage of electrons across the junc- 
tion of the two metals at AB. The ionized gas supplies the energy to keep 
the current flowing. The fact that the electromotive force is produced by an 
agency that has nothing to do with the source of energy may at first thought 
appear to be an objection to this theory. But there are many examples of such 
relationships in nature. Thus the force which drives a water turbine is the 
force of gravity, but the energy necessary to maintain the operation of the tur- 
bine indefinitely must be derived from the sun’s heat which evaporates the 
water of the oceans. The power obtained from the turbine is directly relited 
to the head of water and the quantity of water used, but is only very indirectly 
related to the energy consumed in evaporating the water from the sea. 


Application of the Theory to Electrochemical Action 


When the ionized gas between the metal plates (Fig. 5) is replaced by an 
electrolyte, the potentials remain substantially the same. The effect of the 
electrolyte is thus to destroy the electric field between the plates, so that the 
potential difference between the plates no longer balances the contact poten- 
tial. This action is exactly like that of the ionized gas; but there are, however, 
certain important differences between the ionized gas and the electrolyte. 

The ions of the gas consist of gas molecules which have either lost or gained 
one or more electrons. When a negative ion strikes the positive electrode it 
gives up its surplus electron, while the positive ion in striking the negative 
electrode, takes up electrons. In both cases the ions are converted into ordi- 
nary gas molecules. 

In the electrolyte, on the other hand, the ions are not charged molecules, 
but are parts of dissociated molecules capable of permanent existence only 
while they retain their charges. If these ions are discharged on the electrodes, 
new substances are produced which are usually very active chemically. Thus 
if the ions of hydrochloric acid are discharged, atoms of hydrogen and chlorine 
would be liberated at the electrodes. If these substances can react with the 
electrodes the current may continue to flow as long as the supply of active 
materials holds out. On the other hand, if the electrodes are not attacked, then 
the discharged ions will be forced by the electric field to form double layers 
on the electrodes which will oppose the flow of current. The cell will thus become 
polarized. In order to prevent this polarization it is essential that some chemical 
reaction shall take place to remove the products that would otherwise accu- 
mulate and form double layers at the surfaces of the electrodes. The chemical 
reaction supplies the energy by which the action is maintained, but it does 
this by removing a force which otherwise opposes the contact-electromotive 
' force. The fact that the energy is derived from a chemical reaction does not 
indicate that the electromotive force of the cell is caused by chemical action. 
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This will be made clear by an analogy. Let us imagine a deep hole in the 
ground, near the shore of a lake. A pipe conveys water from the lake to a water 
turbine placed at the bottom of the hole. If the turbine is operated, power is 
generated, but only for a short time, for the well soon becomes filled with water. 
The water pressure at the turbine remains the same as before, but its effectiv- 
eness is removed by an equal and opposite pressure at the outlet side of the 
turbine. In order to obtain power continuously from the turbine it is necessary 
to pump the water from the well back to the level of the lake. The function of 
the pump is to supply the energy by which the back pressure on the turbine 
can be removed. Since there is no direct connection between the pump and 
the turbine we cannot say that the flow of water through the turbine is ‘‘caused” 
by the pump. Yet to obtain power continuously from the turbine, requires 
the expenditure of at least an equal amount of power at the pump. 

In this analogy the pressure of the water at the turbine corresponds to the 
contact-electromotive force. The pump corresponds to the chemical reactions. 
When there are no chemical reactions (pump), the electromotive force (pres- 
sure) can cause current (water) to flow only for a short time, since a polarization 
(back-pressure) soon develops which prevents the flow of current. By means 
of chemical reactions (the pump), polarization (back-pressure) may be preven- 
ted so that current flows and power may be generated continuously. The po- 
tential energy stored in the lake corresponds to the heat energy stored in the 
electrons in the metals. 

Let us return to the comparison of the electrolytic cell with the ionized gas 
cell. The ionization of a gas requires the expenditure of relatively large amounts 
of energy, as is indicated by the large ionizing potentials, 5 to 20 volts. An ionized 
gas is therefore in an unstable condition. The energy that can be obtained from 
an ionized gas cell is derived from the free energy of recombination of the ions. 
There is no-necessity for any attack of the electrodes in such cells. 

With electrolytic cells, on the other hand, the dissociation of the electrolyte 
represents an equilibrium condition, so that no free energy can be obtained 
by the recombination of ions. The maintenance of current in such cells must 
therefore be due to chemical reactions. 


From what has been said about the attack of metal by discharged anions 
it should not be inferred that the contact theory precludes the direct formation 
of positive ions from the metal of the electrodes. Of course if positive ions do 
leave the metal, then it becomes unnecessary for anions to be discharged. Either 
viewpoint is consistent with the contact theory. 


Electrode Potentials 


In a cell of the type illustrated in Fig. 5, we have seen that relatively large 
differences of potential may be developed between S and T (see also Fig. 6), 
even when no difference of potential occurs between the two electrodes C and F. 
It is not possible to assume, however, that all the electromotive force of an 
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electrolytic cell is caused by the contact electromotive force. It is a demon- 
strated fact that the E. M. F. of cells varies with the electrolyte used, while 
the contact potential, being an intrinsic property of the metals, cannot depend 
on the electrolyte. It is clear, therefore, that there must be potential differences 
between the two electrodes which depend on the concentrations of the solu- 
tions used. 

But these potential differences are in general very much smaller than those 
calculated by the usual method, in which contact potentials are neglected. In 
Table VI the second column contains the electrode potentials €, as given by 
the usual method.?® 

These values represent the potentials of the metals in solutions of their 
salts containing normal ion concentration, and are calculated on the assumption 
that there are no contact potentials at the junction of the metals. The potentials 
are referred to that of the hydrogen electrode as the zero point. In the third 
column are the values of ® taken from Table V. 


TABLE VI 
Electrode Potentials and Contact Potentials 


Electrode | True 
Element potential ® D—en electrode 
Pa potential 
ah 
Ag | +0.80 4.1 3.30 +0.40 
Cu 0.34 4.0 3.66 +0.04 
Bi 0.20 3.7 3.50 * +0.20 
S —0.10 3.8 3.90 —0.20 
Fe —0.43 3.7 4.13 —0.43 
Zn —0.76 3.4 4.16 —0.46 
Mg —1.55 2.7 4.25 —0.55 
Li —3.03 2.35 5.35 —1.65 
Na =2.73 1.82 4.55 —0.85 


If the electromotive force of a cell were dependent entirely on the contact 
electromotive force, then the differences between values of ¢, for any two ele- 
ments should be the same as the differences between the corresponding values 
of ®. In this case ®—e, would be the same for all the elements. As a matter 
of fact (see column 4), these values are not constant, but show a distinct ten- 
dency to increase as we go towards the electropositive end of the series. By decreas- 
ing these results by 3.7 volts we obtain the values given in the last column. 
These represent the electrode potentials (arbitrary zero point) after correcting 


%* The data for Li and Na are those given by Lewis and Argo, J. Am. Chem. Soc. (1915) 
37, 1938. The rest of the data were obtained from ‘“‘Messungen elektromotorischer Krafte,” 
Abhandlung deut. Bunsen. Ges. 2 (1911). 
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for the contact potentials. It is seen that these are on the average a little less 
than half the potential differences obtained when contact potentials are neglec- 
ted (2nd column). On this basis we might conclude that contact-electromotive 
forces can account for only about half of the observed electromotive forces 
of cells. The accuracy of the data, however, is not sufficient at present to justify 
such a conclusion. It is probable that the values of @ for the more electropositive 
elements are much more affected by the presence of surface films than in the 
case of the more electronegative elements. Such surface films tend to make 
the metals appear more electronegative. The contact-electromotive forces charac- 
teristic of pure metal surfaces will probably be found to be greater than the 
values thus far determined. In comparing electrode potentials with contact 
potentials the data should be corrected for the electromotive forces occurring 
at the junction of the normal solutions which are assumed to surround the 
various electrodes. Again, it must be remembered that the electrode potentials 
vary with the concentrations of the electrolyte, whereas the contact potentials 
do not. It is therefore uncertain at what concentrations i tala should 
be made. 

Unfortunately, the lack of sufficiently reliable sepcsinnental data makes 
it impossible at present to determine the true electrode potentials with an accu- 
racy comparable with that attained in ordinary electrochemical measurements. 


“*Absolute’’ Electrode Potentials 


The electrode potentials which we have considered above have been refer- 
red to an arbitrary zero point. Several methods have been proposed (Nernst, 
Palmaer, Billiter, etc.) to determine the so-called absolute potentials of the 
electrodes; that is, the actual potential difference between an electrode and 
the surrounding electrolyte. So far, these determinations have led to wholly 
inconsistent results which have never received adequate explanation. It seems 
quite possible that these difficulties have been largely due to the neglect to 
take into account the contact-potential differences at the junction of the metals. 
The writer hopes to take up this question in detail in a future paper, in which 
he also expects to discuss the phenomena of electrical endosmosis. 


Electrochemical Equilibrium and Kinetics 


The electromotive forces of various simple cells may be calculated with 
satisfactory accuracy from the ordinary electrode potentials by means of Nernst’s 
equation. It may therefore be asked, what is the use of splitting these electrode 
potentials up into two parts — one due to contact potential and the second 
to other causes — when in actual calculations of the electromotive force the 
two parts must be added together again? The consideration of contact poten- 
tials seemingly only complicates matters, without adding any new elements 
of importance. 

This objection is perfectly valid so long as we consider only the total diners 
motive forces of reversible cells. The Nernst equation is only a statement of 
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a thermodynamic relation and applies strictly only to reversible equilibrium 
conditions. Such relations can tell us nothing whatever of the mechanism or 
kinetics of a process. Similarly, the ordinary electrode potentials give us the net 
result obtained with various combinations of electrodes under equilibrium 
conditions. Such values give us little information about the real mechanism 
of the cells or their operation when current actually flows. 

It is true that the greater part of the work of the electrochemist until recent 
years has been devoted to the study of just such equilibrium conditions. In this 
limited field thermodynamics is rightly considered to be the guiding principle. 
Thermodynamics, however, tells us practically nothing of the kinetics or 
mechanism of any process. 

The attention of the electrochemist is being forced more and more to the 
consideration of kinetic phenomena, such as overvoltage and passivity. In these 
fields the progress of our knowledge has been notoriously slow. Although vast 
numbers of papers have been published and multitudes of theories have been 
advanced, it is generally agreed that we have no clear understanding of the 
nature of these phenomena nor knowledge of the underlying laws. The slow- 
ness of this progress has probably been largely caused by an undue emphasis 
on what may be called the thermodynamic viewpoint in electrochemistry. 

In order to make more rapid progress in the kinetics of electrochemistry 
it will be essential to consider the mechanism of these processes according to 
the methods which have had such revolutionary effects in the recent develop- 
ments in physics. That is, we must regard these phenomena from the view- 
point of the kinetic theory and apply statistical methods wherever possible. 
We must know how the individual ions and atoms pass from the electrode 
into the solution, or vice versa, and must know something definite about the 
structure of the double layers which are the cause of the potential differences 
occurring at the surfaces of the electrodes. In other words, we must study the 
detailed mechanism of electrochemical action. 

In this paper the attempt has been made to show that contact potential at 
the junction between metals is one of the factors which must be taken into 
account in reaching any understanding of the mechanism of electrochemical 
action. 

In subsequent papers it is planned to discuss other phases of the mechanism 
of these actions and to apply the results to the consideration of such phenomena 
as overvoltage and passivity. 


Summary 


1. The history of electrochemistry has been marked by a century-long 
conflict between the contact theory and the chemical theory of electrochemical 
action. The modern electrochemist usually considers that this conflict has 
long been brought to a close by the victory of the chemical theory. He believes 
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that contact potentials between metals are entirely inappreciable. No such 
uniformity of opinion has exisfed among physicists. 

2. Within the last few years very remarkable work in physics has demon- 
strated that contact potentials of large magnitude do exist, even between pure 
metals in a practically perfect vacuum. This evidence, which is reviewed in 
some detail, has been obtained by the study of 1, Electron emission from heated 
metals; 2, Photoelectric phenomena; 3, Contact potentials. Several independent 
methods lead to values of the contact potentials which are in substantial agree- 
ment. 

3. Much of the difficulty which the electrochemist has had in reconciling 
the contact theory with the known intimate relation between chemical action 
and electrochemical phenomena has been due to failure to define properly 
“‘potential difference’ and ‘‘electromotive force”. Definitions of these are 
given, and a theory of the mechanism of the effect is developed. 

4. It is not necessary to take into account contact potentials when only the 
electromotive forces of reversible cells are considered. But in dealing with 
the kinetic phenomena, such as overvoltage and passivity, or with effects due 
to single potential differences, the contact potentials must be an essential factor. 
The detailed consideration of these relations is reserved for a future paper. 


Discussion 


C. Mc C. Gorpon: I would like to get more light on one or two questions. 
I understand that between two metals in a vacuum there is a certain definite 
contact-potential which is determined by the metals alone. What I did not 
understand from the paper was whether, when you place two metals very closely 
together, hammer or squeeze them together, the contact-potential would be 
the same as when both metals are in a vacuum. 

To my mind we should not expect the same contact-potential. At each metal- 
vacuum surface there is an electromotive force, the size of which is determined 
by the configuration and distance apart of the electrical particles of the atom. 
But when the vacuum is replaced by a second metal the surface conditions 
are entirely changed. 

IrvinG LaNncmuir: The potential difference does exist when the metals 
are in contact. When the metals are not in contact, you cannot say anything 
at all about the potential difference between them, because in the case of two 
metals out of contact everything depends on their past history. You can have 
two metals in a vacuum at 1000 volts difference of potential, you can leave 
them in a high vacuum, separated from one another, and they will retain their 
charges indefinitely, so that you cannot say that the difference in potential 
between two metals separated from one another has any definite value what- 
ever until you provide some means by which they may reach a condition of 
equilibrium with one another. This equilibrium may be brought about by 


Google 


Contact Potentials and Electrochemical Action 217 


placing them in contact, or by any one of a dozen ways, for instance, by bring- 
ing one of them in contact with a hot filament, which will give off electrons. 

Richardson and Debye have shown that the law of conservation of energy 
requires that the difference of potential between two metals in contact be the 
same as the difference in potential they will reach when they are brought in 
contact with bodies which emit electrons. 

The whole essence of this work is that the difference of potential must exist 
when they are in intimate contact. 

- F.C. Frary: Would we be correct in concluding that what we measure 
as electromotive force in a thermo-couple is really a measure of the tempera- 
ture coefficient of these contact-electromotive forces? 

IRVING LANGMUIR: Yes. 

F. C. Frary: Is this contact-potential a function of the molecule? Do you 
not have some similar effect from the molecules, such as undissociated salts 
in solutions, and when you have a contact potential between two solutions 
is it due only to the difference in mobility of the ions as generally stated, or 
would the molecules there have to be considered also? 

IrRvING LaNGMuIR: I have not thought much about the contact potential 
between two solutions, but I feel very skeptical about the accuracy of the for- 
mulas derived in the past. 

In regard to the first point, that was answered by Lord Kelvin, in the first 
days of his work on the subject, in which he showed that you do not have to 
accept Maxwell’s view that the Peltier effect was a direct measure of the con- 
tact-potential, but he showed from thermodynamic reasons that the Peltier 
effect was a measure of the temperature coefficient. Since the Peltier effect 
is small, you may conclude that the temperature coefficient is small, which 
is in accord with Milliken’s recent work. 
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THERMIONIC EFFECTS CAUSED BY ALKALI VAPORS 
IN VACUUM TUBES 


With K.H. Krincpon as co-author 
Science 
Vol. LVII, No. 1463, 58, January (1923). 


A TUNGSTEN filament was mounted in a vacuum tube in the axis of a cylindrical 
anode consisting of three parts insulated from one another. In this way, on the 
guard ring principle, the electron emission from the central portion of the fila- 
ment could be measured, so that effects due to the cooling by the leads were 
eliminated. With metallic caesium in the tube at 25°C the caesium vapor forms 
an adsorbed film consisting of a single layer of atoms completely covering 
the filament even at filament temperatures of 600°K or more. The stability 
of this film appears to be due to the fact that the electron affinity of a tungsten 
surface (Richardson work function, 4.52 volts) is greater than that of caesium 
ions (ionizing potential, 3.90 volts). When a caesium atom comes close to a tung- 
sten surface, the tungsten thus robs the caesium atom of its valence electron 
and leaves it in the form of a univalent positive ion. This ion, however, tends 
to be held by a strong force to the tungsten surface because of the negative 
charge induced in the metallic surface by the close proximity of the positive 
charge of the ion. 

The presence of such films is shown experimentally by the very high elec- 
tron emission and by measurement of the contact potential with respect to 
a second tungsten filament held at such temperature that the caesium has evap- 
orated off. 

In the presence of minute traces of certain electro-negative gases, adsorbed 
films of the atoms of these gases are formed on the tungsten, resulting in an 
increase in the electron affinity of the surface and a corresponding decrease 
in the normal electron emission (in absence of caesium). But the tendency 
of the caesium to be held by such a surface has thereby been increased, 
with the result that the caesium film remains on the surface at an even higher 
filament temperature. The film then consists of two layers, each of atomic 
thickness, the first being of electro-negative, the second of electro-positive 
atoms (ions). 


[Ep1ror’s Note: A more detailed account of this article was published in Proc. Roy. Soc. 
A 107, 61 (1925); also see Phys. Rev. 21, 380-381 (1923); also Phys. Rev. 23, 112 (1924).] 
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In this way the caesium film remains intact up to temperatures of about 
900°K, and at this temperature (below a visible red heat) emits saturation cur- 
rents of about 0.3 amperes per square cm of filament surface. At higher tem- 
peratures the caesium film evaporates off in part and the electron emission falls 
rapidly. On lowering the temperature the caesium film reforms and the electron 
emission returns to its former value. At temperatures below ‘those at which 
evaporation is appreciable, the saturation current from a caesium-covered sur- 
face is expressed within the probable error of temperature measurement, by 
Dushman’s equation, 

t = 60.2 T*e-%/T amps. per cm? 


where b, = 16,000 degrees. This corresponds to a value of 1.38 volts for the 
Richardson work function. It is of interest to note that 5, appears to be practi- 
cally the same whether the caesium is adsorbed directly on tungsten or on 
the adsorbed electro-negative film. The electron emission thus depends pri- 
marily on the nature of the atoms forming the actual surface layer and is not 
materially dependent on the atoms that lie under these. 

When a tungsten filament is heated above 1000°K in caesium vapor at room 
temperature, the electron emission falls to negligible values although a large 
fraction of the surface may still be covered with adsorbed caesium. This is 
due to the fact that there is a linear relation between 9, the fraction of the sur- 
face covered by caesium, and the logarithm of the saturation current. At 800°K 
the ratio between the emission from a caesium film (6 = 1) and from a pure 
tungsten surface is about 10°. Thus every change of 0.05 in the value of 9 causes 
a ten-fold change in the emission. By the time @ has fallen to 0.7 the emission 
at 800° or 900° is negligible. 

When the caesium evaporates from the surface film at temperatures in the 
neighborhood of 1000°K it does so in the form of neutral atoms. Although 
the electron affinity of a pure tungsten surface is greater than that of the caesium 
atom the electron affinity of a surface partly covered by caesium may be less. 
This does not prevent the caesium in the surface film being in the form of 
ions, for the electron affinity that is involved in the formation and stability 
of these ions in the surface is not that of the surface of the filament but rather 
that of the pure tungsten layer underlying the caesium film. As the caesium 
ions evaporate from a largely covered surface they take up electrons as soon 
as they get out of the surface film, for the filament surface, from the position 
they are then in, has less electron affinity than the ions. 

The electron affinity of a surface partly covered with caesium is a linear 
function of © as follows: 


Po = P—9(Pw— Pos) 
where yw Yo, are respectively the electron affinities of pure tungsten and a cae- 


sium film, while gg is the electron affinity of the surface when @ is the fraction 
of its surface covered by caesium. Placing py = 4.52 volts; gg, = 1.38 volts 
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and making gy, equal to the ionizing potential of caesium (3.90 volts) we find 
© = 0.20. Therefore when 20 per cent of a tungsten surface is covered 
by caesium atoms, the electron affinity of the surface is the same as that of 
caesium ions. 

Thus when the filament temperature is raised to a point such that 0 
is in the neighborhood of 0.2, positive ions begin to escape from the fila- 
ment without combining with electrons. This result, first found experimentally, 
occurs at a certain critical temperature in the neighborhood of 1150°K, de- 
pending to some extent on the pressure of caesium vapor and the condition 
of the filament surface. 

The surface of the filament is in one of two states which we may denote 
by a and £ and the transition between these is discontinuous. At a given time 
part of the filament may be in one state while an adjacent part at the same 
temperature is in the other state, there being a sharp boundary between the 
two regions which boundary may be made to move along the filament at any 
desired velocity. | 

In the a state @ is more than 0.2, the surface being largely covered by caesium. 
The caesium evaporates in the form of neutral atoms, although as the critical 
temperature is approached an increasing fraction may leave as positive ions. 

In the # state @ is ordinarily very much less than 0.2 and all caesium which 
leaves the surface is in the form of positive ions. Since every atom that strikes 
the surface condenses, the rate of production of positive ions is equal to 
the rate at which caesium atoms strike the filament. Thus from the kinetic 
theory we calculate that the saturation positive current 1, is 


= a ee 0.367 —P_ amps. cm? 

y 2xmkT VT 
where p is the pressure of caesium vapor in bars, m is the mass of an atom 
of caesium, e the charge of an electron, k the Boltzmann constant and T is 
the absolute temperature of the bulb. The rate of generation of positive ions 
is thus independent of the filament temperature provided this is above the 
critical temperature. It is also the same for all filament materials which give 
the effect. It is proposed that any electrode which generates positive ions be 
called a genode. 

Experiments show that the maximum positive ion currents obtainable 
from a genode are in fact, above a certain temperature, independent of the 
genode temperature, are proportional to the vapor pressure in accordance 
with the above equation, and are the same for tungsten, molybdenum, car- 
bon or nickel. 

It is necessary to apply a certain negative voltage to the cylinder to draw 
off all the ions generated by the genode. Above this voltage the currents 
appear to be absolutely independent of voltage (much more so than in the 
case of electron emission). Below this voltage the positive ion current is 
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limited by space charge, the current being proportional to the 3/2 power 
of the voltage but being smaller than in the case of electron currents between 
similar electrodes in the ratio of the square roots of the masses of the electron 
and the caesium ion (1:490). 

The measurement of the ion generation affords an apparently extremely 
accurate method of determining the vapor pressures of alkali metals. For 
example at a bulb temperature of 24°C the maximum positive ion current in 
caesium vapor is 32x 10-* amps./cm* from which the vapor pressure is cal- 
culated, by the equation given above, to be 0.00166 bar. 

The conditions near the critical temperature, where both the a and £ sur- 
face phases may be present together, are probably analogous to those assumed 
in van der Waals’ theory of the transition between liquid and gas. In the 6 
phase near the critical temperature there is probably an atmosphere, exten- 
ding out to a distance of several Angstrom units from the surface of the fila- 
ment, containing electrons and a slight excess of positive ions. If the tem- 
perature is lowered the attractive forces cause a condensation to the a phase 
which has a much higher concentration of positive ions. At still lower tempera- 
tures, the ions probably settle down into a definite monatomic adsorbed 
film. Under proper conditions the velocity of propagation of the boundary 
between the two phases has been observed experimentally. 

If a thoriated tungsten filament is used in experiments with caesium vapor 
it is found that both the electron emission and the ion generation disappear 
if the filament is first given a heat treatment by which an adsorbed film of 
thorium is brought to the surface. This result is in full accord with the theory 
outlined above, for the electron affinity of a fully active thoriated filament 
is only 2.94 volts. Since this is less than the electron affinity of the caesium 
ion we should not expect the caesium atoms to lose their electrons when they 
strike the surface. A quantitative study is being made of the phenomena oc- 
curring when various proportions of the surface are covered by thorium. 

Similar effects to those described in this paper have also been observed 
with other alkali metal vapors, notably rubidium vapor. The ionizing poten- 
tials of these vapors are higher and the vapor pressures lower, so that the 
effects tend to be less marked. The results, however, confirm the theories 
which so well explain the behavior of caesium. 
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ABSTRACT 


Sputtering of thorium from the surface of a thoriated tungsten filament.—The method of measure- 
ment depends upon the fact that by suitable thermal treatment a layer of thorium one atom 
thick can be formed on the surface of the filament and that the electron emission of such a layer 
at 1500°K is 10* times that of the tungsten and decreases according to known laws with the amount 
of thorium sputtered off as a result of bombardment by positive ions. The tube used con- 
tained, besides the central thoriated filament which was cold during the sputtering, two other 
filaments used to emit the electrons needed to produce the positive ions by collision. The gas 
was introduced at a low pressure, 6 bars, and the effect of argon, caesium, helium, hydrogen, neon, 
and mercury ions as a function of voltage and time was studied. H ions produced no sputtering 
even up to 600 volts energy. Ar, Cs, Hg and Ne ions all started to sputter the thorium ions at 
about 50 volts energy. The number of impacting ions of 150 volts energy per sputtered thorium 
atom varied from 12 for Ar and Cs to 45 for Ne and 7000 for He. The amount of thorium sput- 
tered at first did not increase linearly with the time, and the rate of sputtering was greater when 
0.95 of the surface was covered with thorium than when it was completely covered. In explanation, 
it is suggested that the removal of thorium takes place around the edges of holes or depression 
in the thorium coating; that for the removal of the first few atoms, two successive impacts on the 
same thorium atom are necessary; and that the first impact depresses the atom from the surface 
while at the second impact the ion is reflected from this depressed atom and knocks off one 
of the surrounding thorium atoms. A computation of the energies involved seems to bear out 
this theory. In the case of He the sputtering is so slow that a different mechanism must be 
nvolved, perhaps radiation, as suggested by Thomson. ; 

Penetration of helium positive rays into tungsten.— The occluded helium was recovered by 
heating to about 1800°K, and in some cases the number of helium atoms was found equal to 
over ten times the number of tungsten atoms in the surface. 


Introduction 


THE DISINTEGRATION of the cathode in an electric gas discharge tube by the 
impact of positive ions on its surface is a subject which received some consider- 
able attention during the early years of research in gaseous conduction. The 
main results obtained have been summarized by Kohlschutter,! and J. J. Thom- 


{Ep1Tor’s Note: Some preliminary work in this area was published Phys. Rev. 20, 108 (1922).] 
* Kohlschutter, Jahrb. d. Radioaktivitat 9, 355 (1912). 
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son.? It was found that for all ions the rate of disintegration, or sputtering, 
increased with the energy of the ions, that is with the voltage across the tube — 
or more particularly with the cathode fall. For a cathode of platinum the rate 
of sputtering was found in general to increase with the mass of the ion. For 
a given ion, say argon, the rate of sputtering tended to be less the lighter 
the cathode material, and for this reason aluminum electrodes are usually 
employed in spectrum discharge tubes. 


Experimental Method 


The removal of thorium from the surface of a thoriated tungsten fila- 
ment by the impact of positive ions is a special case of cathode sputtering, 
and one which is admirably suited to a precise examination of the mechanism 
of the disintegration process. Langmuir® has shown that by subjecting a tung- 
sten filament containing a small percentage of thorium oxide to suitable 
thermal treatment it is possible to obtain a complete layer of thorium one 
atom deep over the surface of the tungsten. At a temperature of 1500°K the 
electron emission from this thorium surface is about 100,000 times that from 
an equal area of pure tungsten. Hence removal of thorium from the surface 
by ion bombardment or otherwise exposes the tungsten underneath and decreases 
the electron emission of the filament. The connection between the fraction 
of the surface covered by thorium and the electron emission has been studied 
in detail by Langmuir,’ so that we have here an exceedingly delicate method 
for studying the removal of minute quantities of thorium from the surface. 


Vacuum Tube 


The type of tube finally adopted‘ is shown in Fig. 1. The center filament a 
was the one whose surface was bombarded: it was made of thoriated tungsten 
wire 0.0101 cm in diameter. The two outer filaments 5 were of tungsten 
0.0127 cm in diameter. The filaments were all 10 cm long. They were enclosed 
in a cylindrical anode (c, g) made by vaporizing tungsten from 5b on to the 
glass walls of the container. Platinum wires sealed through the glass made 
contact with the vaporized surface. This surface was divided into three sec- 
tions electrically insulated from each other by the action of the quartz rings g 
which prevented the vaporized tungsten from striking the glass between c 
and g. The vaporization was continued until the resistance between the two 
leads of each anode section was about 1000 ohms. The ends of the anode cyl- 
inder were partially closed by two nickel disks g’, pierced with holes through 
which the filaments passed. These disks were connected to the anode sec- 
tions g. Their function was to prevent positive ions striking the leads of a, 


* J.J. Thomson, Rays of Positive Electricity (1921) p. 171. 


* I. Langmuir, Phys. Rev. 20, 107 (1922). 
* Kingdon and Langmuir, Phys. Rev. 20, 108 (1922). 
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so that the entire ion current measured by a galvanometer connected to a 
was made up of ions which actually impacted on the center filament. The 
combination of g’ and g will be referred to as g hereafter. 

It will be seen from the above that the construction of the tube was such 
as to avoid the presence of gaseous impurities. The tube was of lead glass, 
and was baked out at 360°C during exhaust. The nickel disks were glowed 
out by high frequency induction, the filaments were flashed, 
and tungsten was vaporized on to the glass to form the 
anode. The tube was then filled to about 6 bars pressure 
with the desired gas, and sealed off from the pump. During 
measurements the tube was immersed in liquid air up to 
the upper disks to get rid of the effects of water vapor on 
the thorium surface. Under these conditions the maximum 
thoriated electron emission from a was constant and repro- 
ducible. 

The object of making the anode in three sections was to get 
rid of end effects; ¢c and g were always kept at the same 
potential, but the electron emission from the center part of a 
to c could be measured alone. In this way a part of a could 
be studied which was at a uniform temperature, and over 
which impacting ions were distributed uniformly. 

The db filaments were connected in parallel and heated so as 
to emit electrons, which were collected by ¢ and g. This 
electron current produced ions by collision in the gas, and 
these ions were accelerated toward a by putting it at any 
desired negative potential with respect to b. 

Let 1i,, = electron current from a to c; 

Vg = voltage of c with respect to a; 
?, = ion current to a; 
and let i, tie, Var» Vin, etc. have similar meanings. 

Fic. 1. V.., was always equal to V,,, and was made as small as 
possible compared with V,,, so as to give all the ions accelerated 
on to a as nearly as possible the same energy. 1,, and (#,,+-%,,) were measured, 
and the total ion current i,. The fraction of the ion current striking the 

center part of a was taken to be t,2,,/(t,,.+t,.)- 

The experimental procedure consisted in bombarding a when cold with 
a known ion current for a short time; then heating a to a standard testing 
temperature (usually 1500°K) and measuring i,,. This process was repeated 
until the emission from the center part of a had been reduced to any desired 
value owing to the removal of thorium. By plotting times of bombardment 
against corresponding values of i,, a picture could be made of the rate of 
removal of thorium from the surface. Probably tungsten was sputtered also, 
but this made no change in the emission. 
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Experimental Results 


The sputtering or deactivating effects of neon ions were studied in greatest 
detail, and will be discussed first. Fig. 2 shows two typical deactivation 
runs; the ordinates are logarithms of i,,, and the abscissae, times of bom- 
bardment. If we denote the fraction of the surface of a covered with thorium 
by 6, and the corresponding electron emission from such a surface by #,, Lang- 
muir® has shown that when we pass from 0 = 1 to 6 = 0 the electron emission 
changes in such a way that log #,/#, is proportional to (1—6). The initial emission 
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in Fig. 2 is that characteristic of a thorium surface (9 = 1), while the arrow 
at the bottom indicates the emission characteristic of a similar tungsten surface 
(@ = 0). Since the ordinates are the logarithms of the currents the distance 
measured down on the ordinate axis is proportional to the fraction of the 
surface cleared of thorium (1—6). We are thus able to express unit distance 
on this axis in terms of the removal of a definite number of thorium atoms. 

The center section of a was 4.85 cm long, and its surface area was 0.153 cm*. 
The number of atoms per cm* of a tungsten surface estimated from the 
density is about 1.510%. It seems most likely that a monatomic layer of 
thorium on tungsten has about half this number of atoms, or 0.75 x 10% per cm?. 
Hence there were 1.16 x 10'* thorium atoms on the surface of the center section 


* [The reference is missing in the original paper.) 


15 Langmuir Memorial Volumes III 
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of a. The ratio of the emission from a thorium surface to that from a pure 
tungsten surface at 1500°K was found to be 133,000, and the logarithm of 
this ratio is 5.12. Hence when the emission decreases to 1/10 of the maximum 
we have uncovered 1/5.12 or 19.5 per cent of the surface. This corresponds 
to the removal of 2.2610 atoms of thorium. 

It was expected that the rate of removal of thorium would be proportional 
to the amount of it on the surface; that is, it was expected that the deacti- 
vation curves in Fig. 2 would start steeply, and gradually decrease in slope as 
the emission approached the pure tungsten value. The observed curves 
differ from this in not starting steeply but having a flat part at the top (see 
especially upper curve, Fig. 2), after which the rate of deactivation reaches 
a maximum value which is nearly constant over a considerable range of 9, 
and then decreases as the pure tungsten emission is approached. In order 
to explain this initial lag in the curve it was found necessary to formulate a 
somewhat novel theory of the mechanism of cathode sputtering, which will be 
discussed later. It is worth noting that when the thorium layer is removed by 
ordinary thermal evaporation there is no initial lag in the deactivation curve. 

The deactivation curves obtained for argon, mercury, and caesium were 
similar to those for neon, and the mechanism of sputtering is probably the 
same for all these gases. Hydrogen ions had no deactivating effect up to 600 
volts energy. Helium behaved in a different way from the other gases and 
will be discussed separately. 

Deactivation curves were taken for neon at several values of the voltage 
(V = V.44V.») accelerating the bombarding ions. The slopes of the straight 
parts of the curves in Fig. 2 were taken as the basis for comparing the rates 
of deactivation at different voltages. From these slopes the ratio of the number 
of atoms removed to the number of ions impacting on the filament could be 
found; this ratio is denoted by m. At the same voltage, the value of.n was found 
to be approximately independent of the magnitude of the ion current, but 
most of the measurements were made at the same ion current 80 as to 


TaBLe I 
Sputtering Data for Various Gases 
= Threshold voltage for sputtering 
n = Ratio of number of thorium atoms removed to niinber of ions (of 150 
volts energy) impacting on filament 


Ion | V, (obs.) | V, (calc.) | n at 150 volts 
H | > 600 527 | 0.000 

Ne | 45 40 0.023 
Ar 47 35 0.080 

Cs 52 129 0.084 
Hg 55 1600 0.044 
He (about) 35 142 0.00015 
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secure the best basis for determining the voltage variation of the rate of 
deactivation. 

Fig. 3 shows values of 2 for neon, argon, mercury and caesium plotted as 
a function of the bombarding voltage. The values of » for helium plotted on 
the same scale are indistinguishable from the axis of abscissae up to 400 volts. 
There was some uncertainty in the experiments with argon, the points lying 
arbitrarily on one or the other of two straight lines, apparently independently 
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of any known variation in the experimental conditions. The rate of removal 
of thorium falls to zero for all the gases at about 50 volts, a fact which is of 
considerable significance in connection with the theory to be described later. 
The values of the threshold voltage (V,.) required to start this sputtering as 
found from larger scale plots, and values of n at 150 volts are given in Table I. 

Thus in the case of neon ions of 150 volts energy, only one ion out of 45 
succeeds in removing a thorium atom from the surface. 

The filament can be brought into the state in which a fraction 6 of the 
surface is covered with thorium by three methods: 

(1) thermal activation from 6 = 0 (diffusion to surface); 

(2) thermal deactivation from 6 = 1 (evaporation from surface); 

(3) positive ion deactivation from 6 = 1 (sputtering). 
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Experiments were made to compare the rates of positive ion deactivation 
at @ = 0.8 after the surface had been brought to this condition by each of these 
three methods. The rate of deactivation was the same after treatments (1) 
and (2), but was considerably slower after (3). This probably indicates that 
(3) produced a different distribution of thorium on the surface from that 
given by (1) and (2) for the same 0, and is of interest in connection with the 
mechanism of positive ion deactivation discussed later. 


Theoretical Discussion 


Let us now discuss the mechanism of cathode sputtering, endeavoring in 
particular to explain the unexpected shape of the deactivation curves, and 
the fact that for argon, caesium, mercury and neon ions there exists a practically 
common threshold sputtering voltage of about 50 below which these ions are 
unable to remove thorium from the filament. 

A neon ion impacting on a thorium surface with high velocity will drive 
the thorium atom which it strikes into the surface, but will be reflected itself 
and fly off. 

The first result of the bombardment is therefore to produce a large number 
of depressions of atomic size in the surface of the filament. After a time a se- 
cond atom will impact at the bottom of one of these depressions and be reflec- 
ted from the thorium atom there. We must now decide whether this collision 
an be considered elastic; that is, whether the neon ion will retain a conside- 
wable part of its energy after reflection. 

In the case of the impact of a gas atom with its velocity of thermal agit- 
ation on a surface, Langmuir® has shown that the energy given to the surface 
atom is transmitted so rapidly to neighboring atoms that the gas atom loses 
a large part of its energy, the collisions thus being in general inelastic. In 
the case of ion bombardment however, the velocity of the neon ions at the 
voltages used is 50 or 100 times greater than that of a neon atom at 300°K. 
‘The ion accordingly penetrates farther into the thorium atom and meets with 
much stronger fields of force, so that the time taken for reflection will be much 
shorter and the opportunity for dissipation of energy correspondingly reduced. 
It therefore seems justifiable to assume that neon ions may be reflected from 
thorium atoms and still retain a considerable part of their energy. 

From these considerations we see that a neon ion which impacts on 
a thorium atom at the bottom of a depression in the surface probably will 
be reflected elastically, and on the way out may have enough momentum 
to knock off one of the surface thorium atoms around the edge of the depres- 
sion. The first ion which drove the thorium down is reflected at the sur- 
face and so is not in a position to knock off any thorium. The removal of 
thorium therefore does not start until two or more ions have impacted in 


* I. Langmuir, ¥. Am. Chem. Soc. 38, 2221 (1916). 
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the same place on the surface; the first one makes a depression, and the second 
one is reflected from the bottom of the depression and may remove one of 
the atoms around its edge. This idea accounts satisfactorily for the initial 
flat part of the deactivation curve as will be seen from the following rough 
calculation, made for the case when 6 is nearly unity. 

Let p be the probability that the first neon ion impacting on the filament 
shall strike a selected thorium atom in such a way as to depress it below the 
surface, provided the ion has sufficient energy. If » is the number of thorium 
‘atoms on the center section of a, it is obvious that p is of the order 1/5 
and it is to be expected that as the neon ion is smaller than the thorium atom p 
will be less than 1/». 

Also let N be the number of neon ions impacting on the center section 
of filament a in time t. The probability that the same surface atom shall be 
struck just twice during the time taken for N ions to impact on the surface 
is, from the ordinary theory, P, = 4(Np)*e~—*®. Although we have no detailed 
knowledge of the arrangement of thorium on the surface it seems safe to as- 
sume that a selected atom (atom 1) will be surrounded by four others (atoms 2, 
3, 4, 5) which are the closest to it of any, and are approximately equidistant 
from it. We wish to calculate the probability that during the impact of N ions 
on the surface atom 1 shall be depressed, and that ions reflected from the 
bottom of this depression shall remove one or more of atoms 2, 3, 4, 5 around 
its edge. 

Approximate calculation shows that on the average before the second ion 
impacts on 1, one of atoms 2, 3, 4, 5 will have been depressed in a manner 
similar to 1. There are thus three atoms left around the edge of the depression 
left by atom 1; and if yu is the chance that the ion reflected from depressed 
atom 1 shall remove a selected one of these three, the total chance of removing 
any one is 34. Accordingly 3uP, gives the probability of removing an atom by 
the second of a group of two impacts on atom 1, occurring during N impacts 
on the whole filament. 

We must also take into account the probabilities P,, P,, P,... that 
atom 1 shall be hit just 3, 4,5... times during the N impacts. Groups 
of more than 5 impacts are negligible under the experimental conditions. 
Considerations similar to those advanced above show that the total chances 
of removing atoms for these groups are respectively 5uP;, 6uP,, 64P, on 
the average. 

The total chance of removing an atom of thorium by impacts on atom I 
is a measure of the fraction of the surface (1—6) bared of thorium, and is 
given by 

(1-0) = u(3P,+5P,+6P,+6P,) (1) 


Fig. 4 shows two deactivation runs which were made at very low rates 
of deactivation so as to be able to compare the initial parts of the curves 
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with the values of (1—6@) calculated from (1). The circles represent the obser- 
vations, and the curves were plotted from (1) using 


| pw = 0.0268 
p = 1/2.6x 10" = 3.84x 10-4 


The number of thorium atoms » on the surface of the center part of a was 
1.16 x 10**. By definition 4 must be very much less than unity; and as pointed 
out above p should be of the order of magnitude 1/». It will be seen that the 
values found satisfy these conditions, and that the theoretical curve agrees 


well with the experimental data for the first 4 per cent of the surface un- 
covered, 











BERBERA. CaRe 






thal ah a 
aor) | Lekdebae | dedmerrse | II 
ERLE RERRUuES AREER aR 
Pe eee eal 
eee CCIE 
RCL LV ECLEL LLL 
Poe eee ed el 
oe Le eee 
TCC VW veh 
CCC AT baked) TT 
Pee a 
SSG0n7 Sees Wee 
FCCC A CC ee 
Se. 4000). seen eeee 
PCO STC 
TeteoeTTIitTititiilt 





246 8 2 46 


f 
wixutes Dombardmenrn 
Fic. 4. 


These theoretical considerations support the view that the removal of thor- 
ium starts from around the edges of depressions or holes in the thorium 
coating. As the deactivation proceeds these holes become larger as thorium is 
removed from around their edges. It was noted above that at a given value 
of @ the rate of positive ion deactivation was greater when this value of 6 had 
been produced by thermal treatment than when it had been reached by positive 
ion bombardment. This difference is probably to be ascribed to differences 
in the sizes of the holes in the surface produced by the two treatments. 
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More evidence in support of the theory is given by the minimum deacti- 
vating potentials (V,) of Table I. Let us determine the energy interchanges 
involved at (a) the reflection of an ion from the atom at the bottom of a depres- 
sion on the surface, and (b) the collision of the reflected ion with a surface 
atom. 

(a) Let m, and m, denote the masses of the ion and cathode atoms respect- 
ively, and u,, and u,, the velocities of the ion before and after reflection, u,, 
and u., being the corresponding velocities for the cathode atom. As a first 
approximation consider the collision to be between a free atom and a free 
ion, and neglect u,,. The conservation of momentum gives 


Mlheg = Ihe (the; —thgs) (2) 
and the conservation of energy gives 

MU = m,(U,i—U,3) (3) 
From (2) and (3) ; 
; Ug, = Ug, (m,—m.,)/(m,+-m,) (4) 


(b) The neon ion after reflection impacts with velocity u,, on a surface 
atom. Treating this collision similarly, but using v instead of u, that is putting 
Us, = V,_, we find 


0.4 = 2ttg,M,(m,—m,)|(m_-+-m,)® (5) 
or for the energy of the cathode atom after the second collision 
E = jm,of = 2mu,im_(m,—m,)*|(m,+-m,)* (6) 
If V is the voltage through which the ion has fallen we have 
Ue, = V 2eV/300m, (7) 


Substituting (7) in (6) . 
B= (300) | orem | ©) 


For the cathode atom to escape from the surface the energy given to it E must 
be greater than the atomic heat of vaporization. Langmuir* has shown that 
if » is the number of gram-atoms of thorium evaporating per sec per cm?, 
from the surface of a thoriated tungsten filament 


logig » = 7.76—44,500/T 


Hence the slope of a plot of log,» against 1/7’ would be 2.3 x 44,500. From 
Van ’t Hoff’s equation the heat of vaporization of thorium from tungsten is, 
therefore, 2.3 x 44,500 x R = 203,000 gm cals. per gm mol., or 1.40 10-" ergs 
per atom. This atomic heat of evaporation expressed as volts through which 
an electronic charge must fall to acquire an equal amount of energy is 8.8 volts. 


* I. Langmuir, Phys. Rev. 20, 107 (1922). The equation given in this paper for » refers to 
gtam-atoms per cm? per sec, instead of atoms. 
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For the case of neon ions and a thoriated tungsten cathode 
E = 0.220 eV/300 
Hence the threshold sputtering voltage V, should be given by 


0.220 eV,/300 = 8.8e/300 
or V, = 40 volts. 


In a similar way values of V, for the other ions used may be calculated. 
Table I gives a comparison of the calculated and observed values of V, for 
all the gases used. For neon and argon the agreement is fair, considering the 
very approximate nature of the calculation. The values calculated for caesium 
and mercury are much too high. This is probably because in cases where the 
mass of the ion is comparable with that of thorium the thorium atom is driven 
far into the surface by the first ion striking it, and when the second ion strikes 
this depressed atom the collision cannot be considered to take place between 
a free ion and a free atom, but rather between an ion and a rigid wall. The ion 
therefore would keep more of its energy on reflection than found in the above 
calculation, and be able to remove a surface atom at lower values of V. 
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Fic. 5. 


As was mentioned before, helium behaved differently from the other gases 
used. In the first place it was found that relatively large quantities of helium 
penetrated into filament a during the bombardment and remained there. This 
helium could be recovered by heating a to about 1800°K for a minute or two. 
The number of helium atoms occluded in this way was in some cases equal 
to the number of tungsten atoms in the first 13 atomic layers of the filament. 
This means that the helium must have penetrated very deeply. 

In the second place as seen from Table I, helium ions could remove thorium 
from a at voltages much lower than those calculated from the theory. There 
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is no reasonable explanation of this discrepancy here as there was in the case 
of caesium and mercury. 

The rate of removal of thorium by helium was very small, being at 150 
volts only 1/150 of that found for neon. The rate of removal increased pro- 
portionally to V? as shown in Fig. 5. 

These facts find a possible explanation in a theory of cathode sputtering 
advanced by J.J. Thomson.’ He suggested that the impacting ions cause 
radiation when they are stopped by the cathode; that this radiation is ab- 
sorbed by the atoms on the surface in somewhat the same way as the electrons 
in an atom absorb resonance radiation; and that an atom may absorb enough 
energy to cause its ejection from the surface. The radiation emitted by an ac- 
celerated charge will on the classical theory increase rapidly with the accele- 
ration. The helium ions penetrate into the filament and must be subjected 
there to accelerations which are enormous compared to those experienced by 
an ion which is stopped outside the surface. It is therefore reasonable that 
radiation may play an important réle in the deactivation by helium ions, and 
not do so in that by neon ions, which apparently do not penetrate into the 
filament. 

The intensity of heterogeneous x-ray radiation increases with the square 
of the voltage accelerating the bombarding electrons. We have seen that the 
rate of sputtering of thorium by helium follows the same law. The radiation 
hypothesis also offers an explanation of why the deactivation continues to 
lower voltages than the limit of 142 given in Table I. 

No attempt was made to detect any radiation given off by the bombarded 
filament, so the radiation theory remains merely a possible explanation of the 
observations. 


7 J.J. Thomson, Rays of Positive Electricity (1921) p. 176. 
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ABSTRACT 


Electron emission from tungsten filaments containing thoria.— Ten years ago the erratic beha- 
vior of some tungsten filaments was traced to the thoria present and it was discovered that by 
suitable treatment the filaments, containing 1 to 2 per cent of thoria, could be activated so 
as to give an electron emission many thousand times that of a pure tungsten filament at the 
same temperature. Extensive series of experiments have led to the conclusions summarized in 
this paper. The increased emission is due to a layer of Th atoms adsorbed on the surface of the 
tungsten. To form this layer, the thorium oxide which originally exists throughout the volume 
of the filament, must first be reduced in part, by heating for a few seconds to between 2600° 
and 2800°K; then, by heating for some time at a suitable activating temperature Tg = 2000° 
to 2100°K, some of the Th atoms are brought to the surface by diffusing faster than they eva- 
porate, the fraction of the surface covered 6, increasing to a limit 6.9 which may or may not 
be 1. The activity determined at a lower testing temperature JT; = 1400° to 1500°K, increases 
logarithmically with 6; for any filament it remains constant provided the filament is not heated 
above 1900°K and the film is not allowed to be oxidized. It is evident that the rate of acti- 
vation d0/dt depends directly on the difference between the rate of diffusion to the surface 
and the rate of evaporation from the surface. Rate of diffusion of Th atoms to the surface is DG 
where G is the concentration gradient (atoms per cm‘) of Th atoms near the surface, and D 
is the coefficient of diffusion. If Np is the number of Th atoms per unit area for a saturated film, 
it seems probable, from the crystal structures of Th and W, that No is only half the number 
of tungsten atoms in the surface; and making correction for the increased surface due to the 
dodecahedral structure (6 per cent), No is taken as 0.756x 10%. A mathematical analysis of 
the experimental results gives for the absolute value of D (cm® per sec.): logipD = 0.044-20,540/T, 
in agreement with a theoretical expression given by Dushman and Langmuir. Rate of normal 
evaporation of Th atoms from a partly covered tungsten surface (6 = 0.2 to 0.8) in atoms per 
cm! per sec, is given by: logyp En», = 31.43-44,500/T. As the surface covered decreases below 0.2, 
E,, decreases but not as fast as 0, while for values of 8 above 0.8, E, increases to a value three 
times Enm. The small variation of E, with @ shows that the effect of adjacent Th atoms is small. 
Studies of the effect of prolonged activation of filaments indicate that the surface film is never 
more than one atom thick. Since the atoms do not diffuse back into the tungsten, we must 
suppose that when a Th atom diffusing to the surface arrives below another Th atom, one Th 
atom immediately evaporates. The rate of induced evaporation depends upon the diffusion and 
upon 6, experiments showing that E; = DG (0.820-+0.186*). The rate of activation is, then, given 
by: Nod6/dt = DG—E,—E,; = DG (1—0.820—0.186*)—E,. The experimental curves, however, 
correspond almost equally well to the simple expression: d0/dt = k(8c.—6), when 90 is the 


[Eprror’s Note: Preliminary report of this work was published in Phys. Rev. 20, 107 (1922).] 
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limiting value, at which the diffusion and evaporation are balanced. Deactivation occurs when 
the evaporation exceeds the diffusion. The concentration gradient G depends, of course, on 
the previous history of the filament, especially the preliminary reduction of thoria at a high tem- 
perature. The rate of reduction of thoria is given by: logiep, = 27.98—30,160/T, where p, is the 
number of atoms of thorium produced per sec per cm’; the limiting concentration gradient 
(atoms per cm‘) reached is given by: logy G, = 25.22-9620/7, the actual concentrations of 
thorium in parts per million by weight varying from 1.4 to 200 for temperatures of 1800° to 3000°K. 
Various properties of thoriated filaments in a steady state are summarized in Table VIII. 

Energy changes for atoms of thorium, per gram atom, computed from constants in the above 
equations are: (1) Heat of reduction of thoria in tungsten = —138,000 cal. (absorbed); (2) 
Heat of evaporation of Th from tungsten = 204,000 cal.; (3) Heat of diffusion of Th through 
tungsten: 94,000 cal. 

Crystal structure of tungsten and chromium.— Both are body-centered cubic and when etched 

show rhombic dodecahedron faces (110). Both show pronounced cubic cleavage (100). 
Earty in 1913 Mr. William Rogers and the writer were endeavoring to deter- 
mine the electron emission from tungsten filaments in the highest possible 
vacuum. For this purpose two hairpin shaped filaments were mounted side 
by side in a tubular bulb. Two platinum wires were sealed through the glass 
walls on opposite sides of the bulb, the wires being bent so that the part in 
the bulb lay flush with the inner surface of the glass. After baking out the bulb 
for several hours at about 400°C and glowing the filaments, the bulb was sealed 
off, and one of the filaments was then heated for a considerable time at about 
2900°K until enough tungsten had evaporated and deposited on the inner sur- 
face of the bulb to reduce the resistance measured between the platinum wires 
to about 100 ohms. Thus a gas free anode was formed and residual gases were 
removed by the clean-up effect of the vaporized tungsten. 

The electron emissions obtained in this way were considerably larger than 
those previously found under less perfect vacuum conditions. Since earlier 
work had shown that the clean-up is more effective at low bulb temperatures, 
the bulb was now immersed in liquid air and more tungsten vaporized. With 
this still better vacuum very great increases in electron emission were obtained, 
often of many thousand fold. The results even in this vacuum were often erratic 
and sometimes changed rapidly with time. 

It was then found that these increases in emission depended upon the pre- 
sence of small amounts of thorium in the filament. In making filaments for 
tungsten lamps it was customary at that time to add a fraction of one per cent 
of thorium oxide to prevent the occurrence of a phenomenon known as offset- 
ting. Measurements with specially prepared pure tungsten filaments showed 
that the emission remained unchanged when the bulb was immersed in liquid 
air, and was, in fact, the same as when the emission was measured in presence 
of argon at voltages high enough to ionize the gas. The lower values of the emis- 
sion from the thoriated filament, obtained for example before the improvement 
of the vacuum, agreed fairly well with those from the pure tungsten. 

During 1913 and 1914 and again especially during the last four years, very 
detailed studies of the mechanism of the emission from the thoriated filament 
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have been carried out’. In the following pages the main conclusions reached 
in this work will be given, but it will only be possible to give a small fraction 
of the experimental evidence upon which those are based. 

Conditions for obtaining high emission from a thoriated filament.—If a thoriated 
filament is used in place of a pure tungsten filament in ordinary electron tubes, 
the chances are that nothing unusual will be noted in measuring electron emis- 
sion, for the thorium on the surface evaporates rapidly at the normal operating 
temperature of a tungsten filament and is very sensitive to contamination by 
gases which may oxidize it. The thorium may be protected by using an excep- 
tionally high vacuum such as that obtained by immersing the bulb in liquid 
air, or by vaporizing into the bulb such substances as sodium, potassium, mag- 
nesium or calcium, or traces of vapors of reducing carbon compounds such 
as hydrocarbons. Magnesium or calcium are most easily introduced by placing 
small pieces of these metals on the anode or cathode where they may be vapor- 
ized during the operation of the tube, or they may be placed on (or in) a small 
helical tungsten filament mounted in the bulb. Experiments have shown that 
the emission of a fully activated thoriated filament is the same whether the 
filament is in a very high vacuum or in sodium or similar vapor. 

In the ordinary thoriated tungsten filament nearly all the thorium is pre- 
sent in the form of thorium oxide ThO,. Apparently for this reason high emis- 
sions are ordinarily not obtained from thoriated filaments until after these 
have been heated to a very high temperature such as 2600°K or more. A flash- 
ing of the filament at 2800°K for 3 minutes is a sufficient preliminary treat- 
ment. This probably reduces some of the thorium oxide to metallic thorium 
which remains distributed at very low concentration throughout the filament. 
The heating to such a high temperature, however, removes all thorium from 
the surface of the filament by evaporation, so that if the temperature is lowered 
to say 1900°K or less and the emission is measured it is found to be the same 
as from a pure tungsten filament at the same temperature. 

To activate the filament metallic thorium must be brought to the surface 
by diffusion from the interior. This occurs at an appreciable rate only at tempe- 
ratures above about 1900°K. On the other hand at temperatures above 2200°K 
thorium evaporates rather rapidly from the surface of the filament. The best 
temperatures for activating the filament are therefore in the neighborhood 
of 2000°K or 2100°K. 

After the filament has been brought to a very active state by this thermal 
treatment it will remain indefinitely in this condition if the temperature is 

1 The effect of thorium in increasing the electron emission from tungsten was described 
by the writer before the American Physical Society on October 31, 1914 (See Phys. Rev. 4, 
544 (1914)) but was not published. A full description of the conditions needed to obtain this effect, 
together with an explanation of the phenomena, was given in U. S. Patents 1244216 and 1244217 
issued to the writer on October 23, 1917. Very brief descriptions of some of the observed 


effects were published in Trans. Amer. Electrochem. Soc. 29, 137 (1916); ¥. Amer. Chem. Soc. 
38, 2280 (1916), and Phys. Rev. 20, 107 (1922). 
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kept below about 2100° K, provided the vacuum is sufficiently high or oxidizing 
gases are eliminated by the presence of easily oxidizable substances such as 
alkali vapors. In presence of inert gases, etc., the cathode may be deactivated 
by positive ion bombardment if the positive ions are given high velocities pro- 
duced for example by high anode voltages.* With lower voltages, the thoria- 
ted filament may be kept in an active state in presence of large pressures of 
argon, alkali vapor, etc., even when the gas is ionized sufficiently to eliminate 
practically all space charge. 


Measurement of the activity of the surface.—The activity of the filament under 
various conditions is studied by measuring the electron emission (saturation 
current) at some fixed temperature below that at which appreciable diffusion 
or evaporation occurs. We shall call such a temperature the testing temperature 
and represent it by 7;. If it is desired to study states of activity ranging all 
the way from pure tungsten to a fully activated surface, a testing temperature 
of 1500°K is most convenient, for at this temperature the emission from pure 
tungsten is about 0.1 microampere per cm* while that from the fully activated 
surface is 18 milliamperes per cm’, and this is a good range of current for use 
with a galvanometer. 


@ 
TIME 


Fic. 1. Rates of activation and deactivation of a thoriated tungsten filament. 


The laws governing the activation of a thoriated filament are best determined 
by means of activation curves such as that illustrated by the curve OAB in Fig. 1. 
The typical experimental procedure for obtaining these data is as follows. 

Three filaments a,b, and ¢,.each of about 0.0075 cm diameter and 9 cm 
long, were bent into horseshoe shape and mounted side by side upon a single 
glass stem by means of platinum leads. This stem was then sealed into a tubular 
lead glass bulb about 13 cm long and 4.5 cm in diameter provided with two 
flush platinum seals at opposite sides of the bulb near the centers of the fila- 
ment loops. The glass stem on which the filaments were mounted had an enlar- 
gement blown in it between the seal and the flange which by casting a shadow 


* See K.H. Kingdon and I. Langmuir, Phys. Rev. 20, 108 (1922). 
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prevented tungsten from depositing on the surface of the flange, thus avoiding 
leakage currents between the cathode filaments and the tungsten deposit which 
served as anode. 

The bulb was heated several hours to 360°C while being exhausted by a glass 
condensation pump through a trap immersed in liquid air. During this time 
the filaments were heated for short times to 2000°K. After cooling the bulb 
to room temperature the filaments were aged for a few minutes at 2500°K. 
Each of the filaments was then made anode while charged to +260 volts, the 
other two filaments being heated to 2500° and serving as cathode. This treat- 
ment heated the platinum leads by electron bombardment. The tube was then 
sealed off, the bulb was immersed in cold water (or often liquid air) and the 
central filament (5) was heated at 2900° until tungsten had deposited on the 
walls in such amount that the resistance between the platinum flush seals was 
only a few hundred ohms, This tungsten deposit, connecting the two platinum 
seals in parallel, served as anode in all measurements of electron emission from 
any filament used as cathode, the unused filaments being connected to the nega- 
tive end of the cathode. For these measurements the anode was kept at 250 volts, 
this being sufficient to give saturation with the currents used. The bulb was 
always kept completely immersed in liquid air when the electron emission 
was measured. 

The filament to be studied, which usually contained from 1 to 2 per cent 
of thorium oxide, was flashed at 2800° for 30 seconds or more, and was then 
ready for obtaining data for an activation curve. After such measurements 
the filament needed to be deactivated before another activation curve could 
be obtained. For this purpose the filament was heated for a certain time t, to 
a deactivating temperature T, at which thorium evaporated more rapidly from 
the surface than it diffused to it. Temperatures from 2200° to 2600°K were 
usually chosen as deactivating temperatures. 

To determine the rate of activation of the filament at a given temperature 
the filament was first deactivated and then heated for successive periods of 
time at the activating temperature T,. After each of these periods the activity 
of the filament was determined by measuring the electron emission at the testing 
temperature 7;,. By plotting the electron emission #, measured at the testing 
temperature 7, (say 1500°K) as ordinate, against the time t, during which the 
filament has been kept at the activating temperature (2100°K) as abscissa, 
a curve is obtained like that shown by OAB in Fig. 1. The current at first is 
so small that it cannot be shown in a curve such as Fig. 1 although by using 
the more sensitive galvanometer shunts the currents are readily measured. 

_After a certain time the curve rises very rapidly about like an exponential func- 
tion, but then rises more slowly and finally approaches asymptotically a limit- 
ing value. 

At any given point, such as A in Fig. 1, the activation of the filament may 
be interrupted and a deactivation curve AC may be obtained by heating the 
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filament for successive short intervals of time at a deactivating temperature 
T, which in the case illustrated was 2250°K. After each interval the filament 
was cooled suddenly by stopping the filament heating current so that the fila- 
ment would pass rapidly through the range of activating temperatures. The 
temperature was then raised to the testing temperature and the emission mea- 
sured. 


Nature of the thorium film on activated tungsten filaments——The behavior 
of thoriated tungsten filaments suggests that the thorium, when it diffuses to 
the surface, forms an adsorbed film which completely covers the surface. The 
maximum activity reached by heating at different activating temperatures is 
the same although the rate of activation may vary greatly. It may seem strange 
at first that thorium can accumulate in the surface to an apparently high con- 
centration while the concentration in the interior is very small. But this pheno- 
menon is not different from that observed in all solutions containing a solute 
capable of lowering the surface energy of the solution. For example ether dissol- 
ved in water lowers the surface energy and therefore by Gibbs’ rule becomes 
adsorbed in the surface. 

The properties of thorium are such that we should expect it to lower the 
surface energy of tungsten. The Edétvés-Ramsay-Shields relation indicates 
that the surface energy of any substance at temperatures far below the critical 
temperature should be proportional to T,/V*/* where T, is the critical tempe- 
rature and V is the atomic volume. Critical temperatures of substances of similar 
type are proportional to the boiling points at ordinary pressures. Thus for dif- 
ferent metals the surface energies should be proportional to 7,(d/A)*/* where 
T, is the boiling point, d is the density, and A is the atomic weight. Thorium 
seems to be about as volatile at 2000°K as tungsten is at 3000°K. The density 
of thorium is 11.9 while tungsten is 19.4 and the atomic weights are 232 and 
184 respectively. Thus each of the three factors differs for the two metals in 
such a way as to make the surface energy of thorium less than that of tungsten. 
In fact, from the relation given above, we can calculate that the surface energy 
of thorium should be only 41 per cent of that of tungsten. Thorium dissolved 
in tungsten should therefore tend to lower the surface energy and by Gibbs’ 
tule should be adsorbed in the surface. 

During the last few years the writer has found evidence of many kinds that 
adsorbed films do not in general exceed a single atom or molecule in thickness.* 
The film of thorium responsible for the high electron emission from an acti- 
vated filament should also not exceed an atom in thickness. The deactivation 
curves such as those illustrated in Fig. 1 furnish very direct confirmation of 
this view. The experiments show that the shape of the deactivation curve is 
independent of the length of time during which the filament has been allowed 


* A full summary of this evidence with references to the original publications was given in 
Trans. Faraday Soc. 17, 607 (1921) and reprinted in Gen. Elect. Rev. 25, 445 (1922). 
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to activate. Thus curves AC and BD in Fig. 1 are identical although the thorium 
film was allowed to build up for a much longer time in one case than the other. 
If the film had become thicker than a single atom after the long activation at 
2100° there would have been a delay in the falling off of the emission so that 
the slope of the upper part of BD would have been much less than that of AC. 

There is another indication that the film is never more than one atom. thick. 
If the film of thorium should continue to grow in thickness, we should not 
expect the increase in emission to follow any simple law, but should find a ra- 
dical change in the law of increase when the film became more than one atom 
thick. We shall see, however, that the activation curves such as OAB in Fig. 1 
are in excellent agreement with simple mathematical equations over the whole 
range from a fully deactivated condition to that of full activation. 

With this conception of an adsorbed film of thorium one atom thick, we 
can see that the activity of the surface should depend on the fraction of the 
surface covered by thorium atoms. We shall represent this fraction by 0. We 
now need to determine the relation between 6 and the electron emission 7. 

It will be shown in a separate paper that the relation between i and @ may 
be deduced by means of the electric image theory proposed by Schottky.5 With 
the accelerating fields ordinarily used in measuring saturation currents, the 
electron emission depends upon the number of electrons that have velocity 
components sufficient to enable them to reach a certain critical surface, about 
5x 10-* cm out from the cathode surface. At the critical surface the force due 
to the accelerating field is equal to the attractive force (image force) acting 
on the electron because of the positive charge which the electron induces in 
the metallically conducting cathode surface. The effect of thorium in increasing 
the emission is not due to a specifically high emission from its surface but 
results from the positive contact potential of the thorium surface with respect 
to the tungsten surface. This positive potential of portions of the surface raises 
the potential at the critical surface and thus increases the number of electrons 
that can pass this critical region. From this theory it is found that the logarithm 
of the emission is a linear function of 6 so that @ may be calculated from the 
equation 

_ logi—logi, 

° = ogi logig m 

where 1, is the saturation current corresponding to pure tungsten (6 = 0) and 
i, is that from the fully activated surface (@ = 1) while ¢ is the current when 
the fraction of the surface covered by thorium has any value represented by 0. 

If, for example, the emission from tungsten at a given temperature is one 
unit while that from a fully activated filament at the same temperature is 100,000 
units, then the emission from a surface half covered with thorium (@ = 0.5) 
is not the arithmetic mean of 1 and 100,000 but is the geometric mean 316. 


* Schottky, Phys. Zeits. 15, 872 (1914). 
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Of course if the thorium on the half covered surface should be placed all at 
one end so that one half the length of the filament was completely covered 
with thorium while the other half had no thorium the emission’ would actually 
be given by the arithmetic mean 50,000. Thus the distribution of the thorium 
can influence the saturation current. 

The electric image theory of the effect, however, indicates directly how 
uniform the distribution must be in order that Eq. (1) may apply. The thorium 
influences the emission only by affecting the potential at the critical surface 
which is at a distance from the surface equivalent to about 200 atomic diameters. 
Any distribution of thorium which gives a nearly uniform potential at the critical 
surface will be sufficiently uniform to cause the emission to vary in accord 
with Eq. (1). Analysis shows that even if the thorium were concentrated into 
squares like those of a checkerboard Eq. (1) would apply fairly accurately if 
the squares were not larger than about 100 atoms on a side. With any distri- 
bution likely to be reached on a plane surface by diffusion or evaporation we 
should then expect Eq. (1) to apply. 

Another relation which follows from the theoretical study of this problem 
is that the value of 5 in Richardson’s or Dushman’s equation for electron emis- 
sion should also be a linear function of 6 so that 


6 = (b—bg)/(b:—4p) (2) 


where 5, and 5, correspond to the values of 5 for pure tungsten and for a fully 
activated surface, respectively. 


The shape of the activation curve.—Whenever the thoriated filament is heated 
to a high temperature at which deactivation occurs, all thorium evaporates off 
the surface as fast as it arrives from the interior by diffusion. In the filament 
just below the surface the concentration gradient should be uniform, when 
the concentration at the surface is zero. Thorium should thus diffuse to the 
surface at a practically constant rate during an activation of the filament, except 
in so far as the supply of thorium in the filament becomes exhausted. Since 
the amount of thorium needed for activation is only that in a film one atom 
thick, it seems probable that the available thorium in the filament should suffice 
for many activations. Experiments show in fact that in a series of activations 
alternating with deactivations at rather low temperatures where very little 
thorium is produced by reduction, the rates of activations decrease only very 
slowly in successive runs. During the early part of any single activation run 
we should thus expect the thorium in the surface, and therefore 0, to increase 
at a uniform rate. This means that the logarithm of the current should increase 
in proportion to the time, or the current should increase exponentially with 
the time. This is in general accord with the shape of the activation curve shown 
in Fig. 1, or curve A in Fig. 2. 

Since the logarithm of the current varies linearly with 6 it is more reasonable 
to plot an activation curve by using log # as ordinate. Curve B in Fig. 2 is plot- 


16 Langmuir Memorial Volumes III 


Google 


242 - The Electron Emission from Thoriated Tungsten Filaments 


ted in this way from the same data as those used for Curve A. The current 
0.01 is that from a completely deactivated surface, the dotted line MN thus 
corresponding to 6 = 0. The current 1000 is from a fully activated surface, 
the dotted line S’R’ corresponding to 6 = 1. Distances measured vertically 
between these lines MN and S’R’ are directly proportional to 6. Thus during 
the initial part of the activation run, before the current had increased to a value 
that can be shown on Curve A, the value of 6 had risen from 0.0 to about 0.6 
and the current had increased about one thousand fold. The fact that the slope 
of Curve B changes so little in this interval is good confirmation of the linear 
relation between log i and 0. 
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Fic. 2. Rate of activation of thoriated tungsten filaments. 





If the thorium diffuses to the surface at a uniform rate and remains in the 
surface, 6 should increase at a constant rate and log 7 plotted against t, should 
give a curve like MQR’ instead of the observed curve B. It is clear therefore 
that the thorium accumulates at a decreasing rate as @ increases. It was at first 
thought that such an effect might be due to diffusion from the highly concen- 
trated surface film back into the mass of the filament. It would follow from 
this that the net rate of arrival of thorium at the surface should fall to zero as 
the surface film becomes filled (6 = 1); the concentration gradient near the 
surface would also approach zero, while the concentration itself, just below 
the thorium film, would increase. The thorium which failed to accumulate 
in the surface would thus pile up under the surface. It is an easy matter to test 
whether this is so, for the increased concentration would raise the initial rate 
of activation in a subsequent run. 

Experiments have shown that the thorium does not increase in concentra- 
tion in this manner after a long activation. In a typical experiment of this kind 
(Exp. 528, runs M, to P,) the filament was first flashed at 2800° for 23 sec 
to get a high thorium content, then heated to 2500° for 100 sec to allow irre- 
gularities in the thorium concentration to become smoothed out. The filament 
was now run at 2055° for 187 minutes (run M,). The initial rate of activation 
(corresponding to the straight line MQ in Fig. 2) was d6/dt = 0.00060 per sec 
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while the final rate at the end of the run was less than 0.000003. The filament 
was now flashed at 2800° for less than one second to distill the thorium from 
the surface without producing any appreciable fresh supply of thorium. On 
running the filament again at 2055° (run N,) the initial rate of activation was 
0.00034 showing that the very long previous activation had not caused any 
accumulation of thorium under the surface but had resulted in a decrease in 
the thorium concentration. 

The filament was kept at 2055° (still run N,) for a total time of 277 minutes, 
the activation at this time having come to a standstill (rate less than 10-* per 
sec). In order to make sure that the flashing for 1 sec in the previous run (which 
had completely deactivated the filament to 6 = 0) had not vitiated the results 
by causing a loss of thorium under the surface, the filament was now only partly 
deactivated by flashing for 3 sec at 2500°. This flashing lowered the value 
of 6 to 0.78. The filament was brought again to 2055° (run O,). The rate of 
activation was now d0/dt = 27x10-* per sec whereas in the previous run 
(N,) at a similar value of @ the rate had been 61 x 10-*. If instead of continuing 
the runs for such great lengths of time, they were stopped after say 30 or 40 
minutes, the rates of activation fell off in succeeding runs much less than in 
the examples shown here. In no case were any indications found of an accumu- 
lation of thorium under the surface such as would result from back diffusion 
from the surface film. We may therefore conclude that under ordinary experi- 
mental conditions the formation of the adsorbed film of thorium is an irrever- 
sible process in the sense that thorium never goes from the surface back into 
the body of the filament. 

It is clear from these experiments that thorium diffuses continually to the 
surface of a filament even after the surface film becomes saturated. Since it 
does not accumulate in the film it must leave the surface in the form of vapor. 
This is not, however, due to ordinary evaporation of the adsorbed thorium film, 
for it occurs at a much lower temperature. The phenomenon we have just been 
discussing (falling off of d0/dt with time) is just as well defined at an activating 
temperature of 1900° as at 2055° but evaporation of a completely formed ad- 
sorbed film takes place very slowly until temperatures of about 2150° are reached. 

Examination of a large number of logarithmic activation curves (like B 
in Fig. 2) shows that they are accurately represented by an exponential for- 
mula of the type: 


log (1—6) = —Rkt or 0=1-—c€" (3) 
from which we obtain 
d6/dt = k(1—6). (4) 


Let N, be the number of thorium atoms per cm? in a complete monatomic 
adsorbed film (6 = 1), and let G be the concentration gradient just under the 
adsorbed film, expressed in terms of atoms of thorium per cm? per cm (atoms 
xcm~‘). If D is the diffusion coefficient (in ordinary c.g.s. units, cm* sec~) 
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of thorium through tungsten at the activating temperature, then DG is the rate 
per unit area at which thorium atoms arrive at the surface by diffusion from 
the interior. If the surface has just been deactivated (6 = 0) no thorium leaves 
the surface as vapor, but that which first reaches the surface accumulates there. 
The rate of accumulation of thorium atoms is N,d6/dt and we may the refore 
equate this to DG when @ is very small, that is in the range where the curve 
B (Fig. 2) practically coincides with the straight line MQ. From Eq. (4) we 
see that d6/dt for larger values of 6 is proportional to (1—8@). We may therefore 
place for all values of 0 


N,d0|dt = DG(1—8). (5) 


By comparison with Eq. (4) we see that DG is directly relateb to k, the rate 
of activation given by the experiments: 


DG = Nik. (6) 


From Eq. (5) it appears that the rate at which thorium atoms leave the ad sor- 
bed film in the form of vapor is DG#. It depends not only on the condition 
of the surface which is defined by 6, but upon the rate at which the thorium 
diffuses to the surface. We shall therefore refer to this type of vaporization 
as induced evaporation in order to distinguish it from normal evaporation which 
depends only upon the thorium present in the surface film. 

The induced evaporation seems to be caused by the difference in the normal 
rates of evaporation of thorium atoms from tungsten and from thorium. Thus 
suppose that the normal rate of evaporation of separate thorium atoms in con- 
tact only with tungsten atoms is negligible at the activation temperature under 
consideration, but that the rate of evaporation of thorium atoms which are 
held by one or more underlying thorium atoms is very high compared to the 
rate of diffusion of thorium to the surface. If a thorium atom diffuses to a point 
on the surface already covered by thorium, it will cause the evaporation of 
one of the surface atoms as soon as the incoming atom reaches a position just 
under the surface atom. The new atom then takes the place of the atom which 
has just evaporated, but has not contributed anything to the thorium content 
of the surface. The only case in which the thorium content of the surface does 
increase is when a thorium atom diffuses to a point in the surface which is 
not already occupied by thorium. Since the chance that any given place on 
the surface is unoccupied is (1—6) we are led directly to the conclusion that 
the rate of growth of the thorium film is proportional to (1—6) in agreement 
with the empirical Eq. (4). We have thus reached a rational derivation of Eq. (5). 

If in Fig. 2 we measure distances in arbitrary units from any point P’ to 
the dotted line S’R’ and plot the logarithms of these distances as ordinates 
of a moving point P’” we obtain the line denoted as curve C. Curves B and C 
are conveniently both plotted on the same sheet of semilogarithmic paper. If 
the experimental observations are in accord with Eq. (3) or Eq. (5), curve 
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C will be a straight line whose slope is equal to 2.303 k, if logarithms to the 
base 10 are used. 

Fig. 3 is an illustration of typical experimental data. The saturation currents 
were measured at a testing temperature of 1445°K at intervals during the acti- 
vation runs. The experimentally determined points are shown by small circles 
on the logarithmic plots A, B and C. Curve A is a run at an activating tempe- 
rature of 2000°K. By trial it was found that the limiting value of the current 
towards which the observed currents were approaching asymptotically was 
1000 microamperes. A horizontal line was drawn corresponding to this current 
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Fic. 3. Rate of activation of a thoriated tungsten filament at temperature T, after 
flashing at 2800°K. (Exp. 527, Y, E,, X;). Surface of filament = 0.217 ‘cm!'; 
T; = 1445°K, 


and distances were measured vertically in cm from this line to the observed 
points on Curve A. These were plotted logarithmically (by the method descri- 
bed for curve C, Fig. 2) and gave the straight line A’. From this straight line 
by reversing the above process, the curve shown by the full line marked curve 
A was calculated. It will thus be noted that curves A, B, and C in Fig. 3 are 
not merely smooth curves drawn to fit the observations but they are true expo- 
nential curves calculated from equations like Eq. (3) by the choice of suitable: 
values of k. It is seen from Fig. 3 that the observed points fall on the calculated 
curve with high accuracy except for very low values,.in the neighborhood of 
logi, = 0, which corresponds to currents of about one microampere. Since 
the currents in this particular set of experiments were measured with a portablé 
microammeter the agreement is still within the error of measurement. 
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Other experiments made at higher testing temperatures or with more 
sensitive instruments have shown that the agreement with the exponential 
equation is, in general, equally good down to the lowest states of activity 
(where 6 = 0). These results not only confirm Eq. (5), but check the ac- 
curacy of Eq. (1) and indicate that the whole activation curve follows a single 
simple law. It is this evidence that was referred to previously in connection 
with the proof that the thorium film is monatomic. 


Evaporation of thorium and deactivation curves.—Although the rates of acti- 
vation could be made to vary widely, even at a given activating temperature, 
by changing the concentration gradient G, practically the same limiting value 
of i. = 1000, at 7, = 1445°K, was found repeatedly in separate runs at 
activating temperatures ranging from 1900° to 2100°. But if G had an 
unusually low value, as for example after heating the filament for many hours 
at 2300°, the limiting currents found with activating temperatures of 2000° 
or more were distinctly lower. This effect is due to normal evaporation of 
thorium from the surface at a rate comparable with the rate of supply of 
thorium by diffusion from the interior. 


Curve C in Fig. 3 at an activation temperature of 2150° illustrates the 
effect of this evaporation. The rate of activation is much greater than in A, 
for the rate of diffusion is increased by the higher temperature. But the limit- 
ing current 1,, has fallen to 253 microamp., which corresponds to 6,. = 0.88. 

If we are to take into account normal evaporation of thorium, Eq. (5) 
must be modified by subtracting from the second member a term E which 
we may define as the rate of evaporation expressed in atoms per second per 
cm? of filament surface. The quantity E will depend on the temperature and 
on 6. The most natural supposition, perhaps, is to assume that E is pro- 
portional to 0, viz., the evaporation is proportional to the amount of thorium 
on the surface. But we shall see that the experiments indicate that this is not 
the case. When the surface is very largely covered with thorium it is in fact 
to be expected that the thorium atoms will tend to hold on to each other 
and so make the rate of evaporation increase less rapidly than in proportion 
to 6. Since it is convenient to have an expression for the variation of E with 
6 let us assume provisionally that E is a linear function of 6. This will always 
be permissible within a restricted range of values of 6. We may thus place 


E= 4+. (7) 
Subtracting this from the second member of Eq. (5) gives 
| N,d6/dt = DG (1—6)—(v)+). (8) 
When t =oo,'d§/dt = 0 and @ = 6,., so the equation becomes 
¥9 +70. = DG(1—6,.). (9) 
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Subtracting (9) from (8) and integrating 





log (2-7 = —ht (10) 
where 6, is the value of 6 corresponding to tf = 0 and k is a constant 
k = (DG++»)/No. (11) 
The limiting value of 6 is 6,. given by 
64. = (DG—»)/(DG++»). (12) 


The experimental data furnish us with values of k and 06, and from 
these we wish to find DG, ») and ». From the above equations we find 


DG = N,k—v = N,kO~0+% (13) 
votv = Nok(1—6..). (14) 


When 6, = 0 and 0,.= 1, Eq. (10) reduces to Eq. (3). When the rate 
of evaporation » is not negligible compared to the rate (DG) at which thorium 
diffuses to the surface, we see from Eq. (12) that 6, is less than unity, 
so that the filament does not become fully activated. The linear relation 
between log (1—6) and ¢ given by Eq. (3), which agreed with experiments 
where no evaporation occurred, must now be replaced according to Eq. 
(10) by a linear relation between log (6,.—6) and t. 

Thus in Fig. 3 the lines B’ and C’ were obtained by plotting as ordinates 
the logarithms of the vertical distances from points on the curves B or C 
to the horizontal asymptotes corresponding to the values of i,, for the 
curve in question. It is seen that the agreement between the observed points 
on curves B and C is as good as it was in the case of curve A. It should 
be kept in mind that the curves A, B and C were calculated by means of 
Eq. (10), choosing of course in each case values of 6,. (or i.) and k which 
gave best agreement with the experiments. Activation curves taken under 
the most varied conditions, even at such high activating temperatures that 
6.. did not exceed 0.1, always gave reasonably good agreement with straight 
lines when plotted in the manner of curves A’, B’ and C’. 

Run X, in Fig. 4, is an example of a deactivation curve obtained with the 
filament at a deactivating temperature 7, of 2300°. Preceding this run the 
filament had been flashed 30 seconds at 2800°, then run 3 hours at 2250° 
and 3 hours at 2100°. This had caused about 4/5 of the thorium produced 
at the high temperature to diffuse out of the filament and had thus lowered G 
to about 1/5 of its value after flashing. In run X,, the activity falls rapidly 
at first, reaches a minimum and slowly rises to a steady value. This is charac- 
teristic of all deactivation curves in which G has previously been brought 
to a low value. 
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The reason for the minimum is that the activity depends upon two factors 
that act in opposite directions; the activity tends to decrease because of eva- 
poration but the increased production of thorium in the filament due to the 
higher temperature increases G and tends to raise the activity. Since the latter 
effect occurs more slowly than the former it is readily seen that the activity 
should have a minimum. 


LOG be (be IN MeICROAMPERES ) 





Fic. 4. Deactivation of a thoriated tungsten filament at Ty = 2300°K. 
T; = 1630°K. 


A second type of deactivation curve, illustrated by run S,, Fig. 4, is 
obtained if the filament is flashed at a high temperature so as to give a high 
value of G and is then immediately run at a lower temperature. In the case 
of run S, the filament was flashed for 30 seconds at 2800° and then run at 
2300° for 106 minutes, the activity being measured at intervals at a testing 
temperature of 1630°. In this case the activity rises rapidly to a maximum and 
then falls slowly to the same limiting value (D in Fig. 4) as in the first type 
of activation curve. There is no minimum activity in this case. The reasons 
for this shape of curve are similar to those of the first type, but the displace- 
ments from the stationary state are in opposite directions. At the beginning 
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of the run there is no thorium on the surface so that evaporation cannot 
occur, but the thorium arrives at the surface at a rapid rate because of the 
high value of G. The activity thus increases. In the meantime, however, 
the thorium is diffusing out of the filament faster than it is being produced 
so that the value of G steadily but slowly decreases causing finally a decrease 
in the activity. 

In the latter part of both types of curve of Fig. 4 the thorium evaporates 
from the surface at nearly the same rate as it arrives from the interior so that 
in a sense a ‘‘steady” state may be said to have been reached although this 
state gradually changes as G increases or decreases. In the first parts of the 
curves, however, the rates of evaporation and diffusion are not even approxi- 
mately balanced, the conditions approaching those assumed in the derivation 
of Eqs. (10) and (11). The steady state corresponds to the case where 0 = 0, 
as given by Eq. (12). The dotted curve AE in Fig. 4 is drawn as a continu- 
ation of EG and the whole curve AEG corresponds to values of 8... The sharply 
rising initial part of run S,, marked CE, is thus an activation curve like those 
illustrated in Fig. 3 except that the value to which the curve approaches (cor- 
responding to 6,.) is not constant but decreases according to curve AEG. 
Similarly, CBD represents the limiting current values corresponding to 0, 
for run X;. 

From the curves of Fig. 4 we see that the times required for the activity 
to go 90 per cent of the way to the ‘‘steady” value was 4.5 minutes for run 
S, and 19 minutes for run X,, these being in a ratio of 1:4.2. From Eq. 
(11) this must also have been the ratio of the corresponding values of (DG+-») 
so that DG in run X, must have been at least 4.2 times as great as in run Sj. 

We shall return to a quantitative consideration of activation and deacti- 
vation curves after the following section. 


Arrangement of tungsten and thorium atoms in surface films.—Tungsten crystal- 
lizes with a body-centered cubic lattice of atoms, the side of each cube being 
3.150 A.* The shortest distance between atoms (from the center atom to an 
atom in a corner) is Y(})X3.150 or 2.728 A. In a plane (100) through any 
atom parallel to a face of the elementary cube the number of atoms per cm* 
is 1.00810. In a plane passing through the center atom and any of the 
edges of the-cube (i.e. 110 plane) there are 142510" atoms per cm’. 

By special heat treatment a square tungsten rod (8x8 x100 mm) was 
brought into the form of a single crystal. As it had been held for a long time 
near its melting point, the surface was distinctly etched by evaporation so 
that it reflected light in several directions which were not related to the 
original faces of the rod. By mounting a fragment of this rod on a cork 
and holding the specimen in a dark room so that the etched crystal faces 
reflected light from a single lamp placed almost behind the observer’s head, 


* Hull Phys. Rev. 17, 576 (1921). 
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it was possible to place pins in the cork indicating the directions of the nor- 
mals to the crystal faces. Inspection of these pins proved that the faces de- 
veloped by etching are those of the rhombic dodecahedron (110 planes), all 
these 12 faces and no others being observed. These are the faces which 
contain the greatest possible number of atoms. Other single crystals of tungsten 
were chemically etched by an alkaline ferricyanide solution but only the same 
faces were found.” Tungsten surfaces which have been heated to such high 
temperature that some evaporation has occurred, thus consist exclusively 
of dodecahedral faces. Simple considerations show that the extent of. the 
total developed surface does not increase as the size of the faces increases. 

Consider, for example, a single crystal of tungsten having the external 
form of a sphere, and let this be etched until the original surface is gone and 
has been replaced by etched dodecahedral faces. Imagine that the sphere be 
viewed from a point far out along one of the cubic axes, say the X-axis. 
From this position only faces parallel to four out of the 12 dodecahedral 
faces can be seen and each of these faces is inclined at 45° to the line of sight. 
Every part of the crystal that can be seen must consist of just such faces. 
Thus if r is the radius of the sphere, the apparent or projected area is 2r* 
but the actual area seen is j/2- ar’. 

As this represents only 4 of the 12 faces, the total surface of the etched 
sphere is 3}/2+27r? as compared with 4zr* for the original sphere. The effect 
of etching has thus been to increase the surface 3/(2j/2) = 1.0607 fold. The 
depth of etching has no influence on this ratio as long as the projected area 
of the sphere is not materially changed. The total surface of a tungsten fila- 
ment consisting of small crystals oriented at random ts thus 6 per cent greater 
than its apparent surface. 

Thorium crystallizes in a face centered cubic lattice®, the side of the cube 
being 5.04 A. Since this is a close-packed type of lattice, the thorium atomsl 
behave much like spheres of diameter 3.564 A. The number of such spheres 
that can be packed per cm* into a plane lattice is 0.909 x 10% which is only 
64 per cent as many as the atoms in the 110 planes in tungsten. We shal 
see from the data on evaporation of thorium, that forces between adsorbed 
thorium atoms and the underlying tungsten atoms are very large while those 
between thorium atoms in adjacent positions on the surface are relatively small. 
It is therefore highly probable that there is a stoichiometric relation between 


’ The cleavage surfaces of the single crystal rod were found to be cubic faces (100 planes). 
Chromium which belongs to the same group in the periodic table, and crystallizes with the body 
centered cubic lattice, showed pronounced cubic cleavage (100 planes) with a less well developed 
secondary cleavage along the dodecahedral faces (110 planes). After placing a fragment in dilute 
hydrochloric acid for a few hours the cubic faces disappeared and the dodecahedral faces were 
all brought out distinctly. Large crystals of iron, (transformer iron containing a few per cent of 
silicon) which also showed the body centered lattice, gave on etching in acid only the cubic 
faces (100 planes). 

® Hull, Phys. Rev. 18, 88 (1921). 
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the number of thorium atoms in a fully active surface and the number of under- 
lying tungsten atoms. A one-to-one relation would involve excessive crowding 
of the thorium atoms and would be incompatible with small forces between 
adjacent atoms. We shall therefore assume that there are half as many thorium 
atoms as underlying tungsten atoms in a fully active surface. Thus the maxi- 
mum number of thorium atoms in a plane surface is 0.7136 10% per cm*. 
In the case of the surface of an ordinary tungsten filament we must apply 
the correction due to etching (1.0607) so that the quantity that we have called 
N, in Eqs. (5) to (14) should have the value 


Ny = 0.756 10% atoms per cm?. (15) 


Rate of activation as a function of temperature.—At temperatures so low 
that evaporation of thorium is negligible, the rate of activation, as measured 
by k, is proportional to the product DG according to Eq. (6). By proper 
preliminary heat treatment G can be brought to the same value in each of 
a series of runs carried out at different temperatures. The rate of activation k 
is then a relative measure of the diffusion coefficient D. 








TaBLe I 
Rates of Activation at Various Temperatures 
Experiment 527 Filament surface 0.217 cm* 

: 
mM |; @ | @® | @ (5) (6) 
Run | Ta f00 k Boo B00 

| #b-amps. at (10-* per sec) | (obs.) (calc.) 

| T; = 1445°K 
xX | 2050°%K 790 5.31 0.957 0.958 
Y | 2050 738 6.36 0.951 0.964 
Z 2150 253 15.41 0.856 0.856 
A, | 2105 477 9.29 0.913 0.913 
B, 2050 | 707 5.11 0.948 0.957 
Cy 2050 805 5.15 0.958 0.957 
D, 1950 1300 1.70 1.000 0.990 
Ey 2000 1000 2.59 0.977 0.976 


Table I gives the results of such a series of runs (in the latter part of 
Exp. 527). Immediately preceding each run the filament was flashed at 2800°K 
for 5 seconds to bring G to a definite and constant value. The filament tem- 
perature was then changed to T, (Col. 2), this being interrupted at intervals 
ranging from 5 to 20 minutes for the purpose of measuring the activity at 
the testing temperature (T;) of 1445°K. The saturation currents at 7, were 
plotted on semi-logarithmic paper as illustrated in Fig. 3 The limiting cur- 
rent #,. corresponding to t = oo is given in microamperes in Col. 3. The 
filament surface from which these currents were obtained was 0.217 cm*, 
By plotting log,i..— log, as ordinate (on the same sheet of semi-logarithmic 
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paper), against time as abscissa, straight lines were obtained as in curves A’, 
B’, and C’ in Fig. 3. The slopes of these lines, after multiplying by 
2.303 to convert to natural logarithms and dividing by 60 to convert from 
rates per minute to rates per second, give directly the values of k defined by 
Eq. (10). These are tabulated in Col. 4. Col. 5 gives 6, calculated by Eq. (1) 
from i,. of Col. 3 using the values ¢,; = 1300 and i, = 0.013 microamperes. 
Col. 6 gives values of 6,, calculated by means of Eq. (14) from data on »% 
and » and will be discussed in a later section. 

The diffusion of one metal through another must involve interchanges 
in position between neighboring atoms in the space-lattice. Only atoms con- 
taining a certain critical amount of kinetic (or potential?) energy are capable 
of making such interchanges. The frequency of these changes of je 
and therefore the diffusion coefficient should thus be proportional to « °>/™ 
where Q, may be taken as the ‘“‘heat of diffusion” or the critical energy 
(per gram atom) involved in atomic interchanges.® From this relation it ap- 
pears that the natural logarithm of the diffusion coefficient is a linear function of 
the reciprocal of the temperature, the slope of this line being equal to Q,/R. 
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Fic. 5. Rate of activation of thoriated filaments as function of temperature. 


To test this conclusion the values of log,»k from Table I have been plot- 
ted, in Fig. 5, against 1/T,. Since 4 runs were made at 7, = 2050°, the average 
was taken of the values of k for these runs, viz. k = 0.000548. The points 
lie close to a straight line. Taking R = 1.987 calories this slope gives Op = 
94,000 calories per gram atom. 

Absolute value of the diffusion coefficient.—To determine the actual value 
of the diffusion coefficient we need to measure some property involving the 


* S. Dushman and I. Langmuir, Phys. Rev. 20, 113 (1922). 


Google 


The Electron Emission from Thoriated Tungsten Filaments 253 


total thorium content of the filament. Heating the filament momentarily to 
a very high temperature increases the concentration of thorium. By heating 
the filament for a long time at a much lower temperature this supply of thorium 
gradually diffuses out so that the concentration gradient at the surface decreases 
in proportion. By measuring the product DG from time to time during this 
exhaustion of the thorium supply, it is possible to determine the absolute 
value of D. 

The diffusion problem involved is analogous to the thermal problem of 
the cooling of a long cylinder suddenly plunged into a perfectly conducting 
fluid maintained at a fixed temperature. 

This problem has been treated by Carslaw’® who gives the general equa- 
tions for the temperature distribution in an infinite cylinder resulting from 
any initial distribution. For the particular cases required in the present problem 
Mr. Harold Mott-Smith has derived the following equations. 

Consider an infinitely long circular cylinder in which the concentration 
(of thorium) is a function f(r). involving only the distance r from the axis 
of the cylinder. At a certain instant, which we shall choose as origin of time 
(t = 0), the concentration over the whole surface of the cylinder is brought 
to zero and kept at zero. This is actually accomplished by raising the tem- 
perature of the filament suddenly at the time 0 to such temperature that all 
the substance that diffuses to the surface evaporates immediately. Then after 
the time t, the concentration gradient G at the outer surface of the cylinder 
is expressible as an infinite series of exponential terms: 


G = ZB,«? (16) 
where 

P, = 8 Dt/R* (17) 
Here R is the radius of the cylinder and D is the diffusion coefficient. The 
quantities u, are the successive roots of the equation ¥.(x) = 0, where F,(x) 
is the zeroth order Bessel function of x. In using the foregoing equations it 


is merely necessary to substitute the following numerical values of these con- 
stants :” 


Hi= 5.783 H2= 74.89 
uk = 30.47 pi = 139.04 (18) 
The coefficients B depend upon the initial distribution of the diffusing 


substance, at the time t= 0. In case the concentration is initially uniform 
throughout the cylinder and equal to C, we find 


B, = B, = B,=....=2C,)R (19) 


%° Carslaw, Fourier’s Series and Integrals, Macmillan and Co., 1906, p. 316. 
11 Smithsonian Physical Tables, 1920, p. 68. 
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If the diffusing substance is being produced at a uniform rate throughout 
the whole body of the cylinder while the concentration at the surface is 
kept zero, the concentration finally assumes a parabolic distribution given by 

C = C,[1—(/RY] (20) 
where C,, is the concentration at the axis of the cylinder and C is the con- 
centration at any point whose distance from the axis is r. The concentration 
gradient G at the surface is then 

G = 2C,/R (21) 

If the production of diffusing substance is suddenly stopped after this 

parabolic distribution has been reached, as for example by lowering the tem- 





Fic. 6. Transient effects in diffusion in filaments. 
Curve I. Initial uniform distribution in semi-infinite solid with plane face. 
Curve II. Initial uniform distribution in cylinder. 
Curve III. Initial parabolic distribution in cylinder. 
Curve IV. First term in series, Eq. (23). 


perature, the subsequent changes in G are still given by Eq. (16) but the values 
of the coefficients B now become 
B, = 8C,/(u2R) (22) 
From Eq. (19) the initial value of G is infinite for the case of initial uniform 
distribution. With the parabolic distribution, we see from Eqs. (16) and (22) 
that the initial value of G is 8C,[2(1/y2)]/R which is the same as given 
by Eq. (21). 
From the rapid increase in the exponents (18) in the series (16) it is evident 
that no matter what the initial distribution may be, the higher terms of the 
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series soon become negligible compared to the first term. Curve II in Fig. 6 
is a logarithmic plot of G as a function of time for the case of initially uniform 
distribution corresponding to Eqs. (19) and (16). As ordinate, RG/C,, is plotted 
on the logarithmic scale, while Dt/R? is the abscissa on the same scale. This 
method of plotting has the advantage that any factorial change in R or D 
or the units in which these or ¢ are expressed, does not change the shape 
or scale of the curve, but is equivalent to a displacement of the origin of co- 
ordinates. Curve IV corresponds to the first term of the series (16) with the 
value of B, from Eq. (19): 


G = (2C,/R)e-* (23) 
where by Eqs. (17) and (18) 
a = 5.783D/R? (24) 


It is seen from Fig. 6 that even when the initial concentration is uniform 
G is given with high accuracy by Eq. (23) for all values of ¢ which make 
Dt/R* greater than about 0.16. Let us consider on the other hand the case 
where the diffusion has proceeded for only a short time so that the concen- 
tration in the cylinder differs appreciably from the original uniform concen- 
tration only in layers whose depth below the surface is small compared to 
the radius. Then the conditions are essentially similar to those occurring when 
the plane surface of a semi-infinite solid is suddenly changed in temperature, 
a problem treated in most books dealing with heat conduction. Thus for 
the corresponding diffusion problem, when the initial concentration is uni- 
form and the concentration at the surface is brought to zero, we find 


G=C,/yxDt (25) 

To compare this with the functions plotted in Fig. 6 it is conveniently 
transformed into 

RGIC,, = 0.564 R?/(Dt) (26) 


which corresponds to the straight line I. For very small values of Dt/R* 
Curve II approaches I but rather slowly. 

If the initial distribution is of the parabolic type given by Eq. (20), the 
concentration gradient G is also expressible, for sufficiently large Dt/R’, 
by the first term of Eq. (16) which now by Eqs. (17), (18), (22) and (24) 
takes the form ‘ 

G = 1.3833(C,/R)e™. (27) 


By comparing this with Eq. (23) we see that both these functions can 
be expressed by Curve IV in Fig. 6 if we take 


C, = 1.4458C,. (28) 


18 See for exarnple Ingersoll and Zobel, Theory of Heat Conduction, p. 77. 
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In other words the distribution finally becomes the same whether we 
have initially a uniform concentration or a parabolic distribution with the 
concentration at the axis 1.446 times as great. Curve III in Fig. 6 gives 
the values of RG/C,, for this case calculated by means of the complete series 
of Eq. (16) using the coefficients given by Eq. (22). Eq. (27) thus gives 
a good approximation whenever Dt/R*® exceeds 0.1. 

The total amount g of diffusing substance in the cylinder per unit of length 
is 7R?C,, when the concentration is uniform. For the parabolic distribution . 
we find from Eq. (20) by integration 

Gp = 4a RC. (29) 

When the distribution has become such that G falls off in accord with 
Eq. (23) or with Curve IV in Fig. 6, we may find g at any time ¢ from 
the value of G in Eq. (23) by calculating the total amount of substance 
that diffuses out to the surface of the cylinder between t = t and t =oo, 
This gives: 

q = (44R°C,/uie = 2.1729R*C e-* (30) 

The distribution within the cylinder under these conditions (i.e., when G 
is expressible as the first term of the series of Eq. (16) is given by 


C = 0.8018RGJo(u,7/R) (31) 


where C is the concentration at any point whose distance from the axis 
is r. The concentration at the axis is thus equal to 0.8018 RG. ; 

The absolute value of the diffusion coefficient is most easily found from 
experiments carried out under conditions such that G varies with time in 
accord with Eqs. (23) or (27). The experiments on rates of activation of the 
filament in successive stages thus furnish data for the evaluation of a and 
from this by Eq. (24) the value of D is calculated. 

Several sets of experiments were made to determine D at various tem- 
peratures. Most of these were carried out before the complete theory of the 
diffusion had been worked out, so that the experimental conditions have 
not always been chosen as well as would otherwise have been possible. 

Table II contains data for the calculation of the diffusion coefficient 
at 2500°K, obtained from Exp. 528. Preceding each of these runs J, to M, 
the filament was flashed at 2800°K for 23 seconds in order to bring the 
thorium content to a definite value. The filament was then maintained at 2500°K 
for the time given in Col. 2 with the object of causing the concentration 
gradient G to decrease according to Eq. (16). After the heating at 2500°, 
the rate of activation k (Col. 4) was measured by running the filament at 
T, = 2055°K, interrupting this run at frequent intervals for testing the 
activity at T, = 1450°K in the usual way. 

The values of 6,. in Col. 5 were calculated by Eq. (1) from 4, in Col. 3 
taking 4, = 0.01 and 1, = 1000 microamp. The calculated @,. in Col. 6 will 
be discussed later. 
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Tasie II 
Rates of Activation at 2055°K Following Deactivation at 2500°K 
for Various Times 








Experiment 528 Filament surface 0.217 cm!* 
| 
(1) (2) (3) (4) (5) (6) (7) 
Run Time too k 80 Boo hk—k, 
at 2500°K | at 1450°K at 2055° from too (Eq. 42) 
(per sec) (obs.) 


I, 10 760 11.49x 10-* 0.976 0.981 7.85 
jh 600 548 4.31 0.947 0.949 0.67 
Ky 10 780 9.58 0.978 0.977 5.94 
Li | 3660 505 3.64 0.941 0.940 0.00 
M, 

| 


100 720 6.22 0.970 0.965 2.58 





Examination of the data in Col. 4 shows that k decreases rapidly at first 
and then approaches a limiting value of 3.64 10-* which we shall represent 
by k,. In this stationary state thorium is being reduced from the oxide at the 
same rate as it is lost by diffusion and evaporation. The values of k are pro- 
portional to G, so that the equations that we have derived for the variations 
of G should be directly applicable to our experimental data. Because of the 
constant production of thorium, however, we use for this purpose not k 
but k—k, as given in Col. 7 of Table II. Thus after sufficient time has 
elapsed for the effect of the higher terms in Eq. (16) to die out, the decay 
of the quantity kR—k, should follow the exponential law given by Eq. (23). 
The following method allows us to compare the experimental data directly 
with the complete Eq. (16) as represented by the curves in Fig. 6. 

It is evident that a plot of log (k—&,) as a function of log t should have 
the same shape and scale as the corresponding curve in Fig. 6 and should 
differ only by a parallel displacement. The points marked J,, K,, M,, and 
J, are placed in Fig. 6 by plotting 10* (kR—k,) from Col. 7 of Table II against 
10-*- t where ¢ is the time in seconds from Col. 2. By transferring these 
points to tracing paper and sliding the paper so as to keep its lower edge 
horizontal, it is possible to bring any two of the points such as J, and M, 
to lie on any desired curve. For example by displacing the tracing paper 
parallel to the line J, A the points J, and M, are brought on to the curve III, 
which corresponds to the case of parabolic distribution. The points J, and K,, 
however, do not fall on this curve but lie between II and III. By displacing 
the tracing paper by the distance AB the points J, and M, are brought on 
to the curve II, corresponding to uniform initial distribution. The points J, 
and K;, then lie too low. It appears from this that the distribution of thorium 
is intermediate between the two cases considered. It is more likely, however, 
that the true distribution resulting from the production of thorium by heating 
the filament to high temperature approaches closely to the parabolic case if 
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sufficient time is allowed for a stationary state to be reached. It is rather 
doubtful if the 23 seconds allowed in these experiments was long enough. 
Failure to reach the stationary state would cause deviations of the type observed. 

By having placed the observed points on the theoretical curve in this man- 
ner, we determine the absolute value of Dt/R*, and from this since ¢ and 
R are known, we find D. Thus if we assume initial parabolic distribution we 
find Dt/R? for the point A to be 0.27. For this point ¢ = 600 sec, and therefore 
since R = 0.00389 cm we find D = 6.8x10-® cm* per second for 2500°K. 
Similarly if we assume initially uniform distribution, Dt/R* for point B is 
found to be 0.18 which gives D = 4.3x10-® cm*/sec. Of course the same 
values for D are found from the other pairs of points. 

The diffusion coefficient at 2055°K was determined by a series of pro- 
longed activation runs, N,, O,, and P, carried out at this temperature. Just 
preceding run N, the filament was flashed for a couple of seconds at 2800°K. 
In run N, the filament was maintained at 2055° for 277 minutes, the 
activity being tested at frequent intervals in the usual way. The filament was 
then flashed at 2500° for 3 seconds, a time so short that the filament was 
only partly deactivated and G was not altered. Run O, then followed, the 
filament being kept at 2055° for 110 minutes. After flashing for 4 seconds 
at 2500° an activation curve was again made (run P,) at 2055°. Selecting from 
these runs points corresponding to a definite value of 6 we obtain the fol- 
lowing data: 


Run t | k | kok, . 
N,  , 30min | 3.59x10-« | 3.06x10-4 
O, , 305 1.62 1.09 
Po 475 125 | 0.72 


Plotting these on tracing paper and comparing with the Curve III of Fig. 6 
the most probable value of the diffusion coefficient at 2055° is found to be 
1.1 10-!° cm? sec". 

The deactivation curve of run S, shown in Fig. 4 furnishes excellent data 
for the calculation of D at 2300°. We have seen that the portion EG of the 
curve CEG results from the gradual decrease in G as the supply of thorium 
becomes exhausted. In the region represented by CE the rate of change 
of activity is so great that the term N,d6/dt in Eq. (8) is at least comparable. 
in magnitude with the terms in the second member of the equation. In the 
region EG, however, d6/dt has become so small that the corresponding term 
may be neglected in comparison with those in the second member. Eq. (8) 
thus becomes . 

DG = (+ ¥0)[(1—8) (32) 


18 ‘The value of k, was taken to be 0.53x 10-* gs calculated from values of G, which will be 
discussed later. 4 
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The quantity G given by this equation cannot be used directly to determine: 
the diffusion coefficient according to Eq. (16), for the constant production 
of thorium at 2300° must be allowed for. Let G, be the limiting value of G 
which would be reached when the accumulated surplus of thorium has been 
exhausted, the rate of loss of thorium by diffusion being then equal to the 
rate of production. The value of G, can be expressed in terms of 6,, the 
corresponding value of 6, by an equation similar to Eq. (32). We now substitute 
in the diffusion equations the quantity (G—G,) just as we previously used 
(k—k,). Eq. (32) gives 

D 1 1 | 
er el aaa Oa FT. (33) 

The quantities in the second member are both easily found from the experi- 
ments. Taking the logarithm of the second member and plotting against the 
logarithm of the time as in Fig. 6, the absolute value of D is found. The data 
of run S, in Fig. 4, are in complete agreement with the curves of Fig. 6, im. 
the range beyond ¢ = 40 minutes corresponding to. the region where the curves 
II, III and IV coincide. For smaller values of t, the experimental curve lies: 
somewhat above Curve II. This should not be taken as evidence, however,, 
that there is a uniform rather than a parabolic distribution of thorium in the 
filament for it is probable that the deviations from the Curve III are due to 
variations of the rate of evaporation as a function of 6, from the linear relation 
assumed in Eq. (7) upon which Eq. (33) is based. The assumption of this 
linear relation is always justifiable over a narrow range of values of 6, but: 
becomes open to question when applied to the wide range covered by the 
data of run §). 

If we therefore confine our attention to the portion of run S, taken after 
the first 40 minutes we find by our comparison with Fig. 6 the value D = 1.12 
x 10-® cm? sec-1. Since in this region the effects of the uncertain initial distri- 
bution of thorium are eliminated, so that only the first term in the series of 
Eq. (16) need be considered, a simpler method may be employed. Plotting 
the logy, of the second member of Eq. (33) against the time ¢ (on semi-logarith- 
mic paper), a straight line is obtained. The slope of this line, multiplied: 
by 2.303, gives directly the value of a defined by Eq. (24). From this the 
value of D is found, and is of course the same as that obtained by the 
curves of Fig. 6. 

Run 7, was made to determine the diffusion coefficient at 2400°. The fila-’ 
ment was first flashed at 2800° for 30 seconds and then run at 2400° for deacti- 
vation, the activity being measured at a testing temperature of 1800°. The run 
was interrupted three times for the purpose of determining the value DG/No 
by means of very short activation runs of 5 to 10 minutes at 2100°.. The values 
of 6 and d6/dt were found in these runs from which, by Eq. (8), DG/No' 
could be calculated, the term (»)-+%6) being applied’as a small correction 
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determined from data which will be discussed later. The results obtained 
from run 7, are 


t DG/N, DG—G,/N, 
(minutes at 
2400°K) (at 2100°K) (at 2100°K) 
4.7 7.67X 10-4 sec“ 3.86 10-4 sec™! 
23.1 4.65 0.84 
45.6 3.95 0.13 








All three of the observations recorded in this table, when compared with 
the curves of Fig. 6, are found to lie in the region where the Curves II, III and 
IV coincide. It was therefore assumed that the exponential type of equation 
such as (23) is applicable. The value of G, was found by trial so as to make 
the three points corresponding to the data in the third column give a straight 
line when plotted on semi-logarithmic paper against the time t. The slope 
of this line gave a = 0.00140 sec, from which Eq. (24) gives D = 3.57 x 10-® 
cm® sec at 2400°K. 

Table III contains a summary of the absolute values of the diffusion coef- 
ficient obtained in the way just described. The logarithms of these values of 
D are plotted against the reciprocals of the temperatures in Fig. 7. The straight 
line marked D has been drawn to have the same slope as the line in Fig. 5, 
which corresponds to a heat of diffusion of 94,000 calories per g-atom. The 
agreement with the observed points is very satisfactory, especially when it 
is considered that several different methods have been used in determining 
the relative and the absolute values of D. 


Tasie III 
Experimentally Determined Values of the Diffusion 
Coefficient of Thorium through Tungsten 








Run ‘Tecipetatine Diffusion coefficient D 

(cm* sec~*) 
1.1 x 107° 
1.12x 10-* 
3.57x 10-° 
6.8 x 10-* 


Si 2300 







The straight line in Fig. 7 gives the following equation for the diffusion 
coefficient at any temperature (in cm®* sec-): 
log;oD = 0.044—20,540/T (34) 
Table IV gives values of D calculated by this equation. 


Rate of production of metallic thorium.—The data furnished by low temper- 
ature activation curves enable us by Eq. (6) to calculate DG and now that 
we know the values of D from Table IV we can obtain the value of G. We have 
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TaBLe IV 
Diffusion Coefficient of Thorium in Tungsten and the Rate of Evaporation of 
Thorium Adsorbed on Tungsten 














E E 
T ( a a (atoms per T 7 a (atoms per 
cm sec™) cm? sec) (cm* sec™*) cm? sec) 

1400°K | 2.36x 10-4 0.445 2200°K 5.10x 10-° 1.61x 10% 
1500 2.24x 10-14 58.5 2300 1.30x 10-* 1.22x 103* 
1600 1.61x 10-8 4.18x 10° 2400 3.06x 10° 7.80x 10% 
1700 9.15x 10-¥ 1.81x 10° 2500 6.73 x 10-° 4.31x 10% 
1800 4.29x 10-8 5.15x 10 2600 1.39x 10-* 2.08 x 10%¢ 
1900 1.71x 10-73 1.03 x 10° 2800 5.11x 10-8 3.48x 10% 
20007 5.94x 10-44 1.53x 10° 3000 1.58x 10-7 3.99x 10% 
2100 1.83x 1072° 1.75x 10%* 


seen from Table II that after the filament had been heated a long time at 2500°, 
k, (at 2055°) approached a limiting value of 0.000364. From the value D = 1.12 
Xx 107° and by Eqs. (6) and (15) we thus find G, = 2.46 x 10® atoms of thorium 
per cm at 2500°. In a similar way from data of about 20 other sets of activation 
runs, values of G, for temperatures ranging from 2055° to 3000° have been 
obtained. The logarithms of these values plotted against the reciprocals of 
the temperatures give a straight line whose equation is 
logioG, = 25.22—9620/T. (35) 
The slope of this line multiplied by 4.575 gives OQ = 44,000 calories per 
g-atom. Let p, be the rate of production of thorium per unit volume throughout 
the filament. When the steady state has been reached in which the concen- 
tration gradient at the surface is G,, the rate of production of thorium per unit 
length is 2xRDC, and thus 
p, = 2DG,/R (36) 
The temperature coefficient of p, is thus the sum of those of D and G,. 
Substituting into Eq. (36) the values of D from Eq. (34), G, from Eq. (35) 
and R = 0.00389 cm, we obtain 


logio P, = 27.98—30,160/T, (37) 
p, being expressed in atoms of thorium per sec cm*. The heat of the reaction 
involved in the production of the thorium is thus 0, = —138,000 calories 


per g-atom, the negative sign indicating that the reaction involves the absorp- 
tion of energy. 

Although in Exps. 527 and 528 the filaments were heated for several hours 
per day for more than 3 months there was no indication of a falling off in the 
rate of production of thorium. Because of the induced evaporation, all the 
thorium produced at the rate p, leaves the filament even at relatively low tem- 
peratures. The data used in calculating p, in Eq. (37) were obtained with a fila- 
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ment containing 1.0 per cent of thorium oxide, corresponding to 4.4.x 10*° 
atoms of thorium per cm?®. If the thorium were produced at a constant rate 
p, the life of the thoria would be 4.4.x 10*°/p, seconds or 1.22 x 10!"/p, hours. 
In this way we calculate that the thoria supply should last 94,000 hours at 1900°. 
Col. 5 of Table VIII contains data on the life at different temperatures. Con- 
sidering that the rate of production of thorium must decrease as the thoria 
content falls off, the “‘life” calculated in this way probably represents the time 
required for the thoria to fall to one eth of its initial value. For different fila- 
ments, even containing the same amount of thoria, p, varies considerably de- 
pending on the mechanical state of subdivision of the thoria in the filament 
and on other factors. The presence of even traces of carbon tends to reduce 
the thoria to thorium and greatly increases Pr Filaments containing different 
amounts of thoria but otherwise alike seem in general to give values of p, pro- 
portional to the amount of thoria. 


Amounts of thorium metal present in the filaments.—We see from Eq. (29) in 
‘the case of parabolic distribution, that the average concentration throughout 
the filament is one-half that at the center and thus according to Eq. (21) it 
is equal to GR/4. In the stationary state we may replace G by G, which we 
find from Eq. (35), and thus taking R = 0.00389 cm and by converting from 
atoms per cm? to parts by weight by dividing by 5.0 x 10% we obtain the fol- 
lowing average concentrations of metallic thorium in parts per million. 


.1800° 1900° 2000° ‘ 2100° 2200° ~~ 2400° 2800° 3000°K 
«14 2.8 5.0 8.4 14 32 118 200 


Relation between induced evaporation and 6.—The activation curves obtained 
in Exp. 528 after the filament had been well aged gave straight lines when 
9.—9 was plotted on semi-logarithmic paper against the time, i.e., the data 
agreed with Eq. (10) which was derived on the assumption that G is constant. 
‘The foregoing analysis, however, indicates that in the neighborhood of 2100°, 
G should change considerably during the run if G is initially very different 
from the stationary value G,. 

For example in an activation run at 2100° (first part of run U,) which fol- 
lowed after a flashing at 2800° for 30 seconds, 0 increased from 0.01 to 0.83 
in 20 minutes. The line obtained by plotting 6,.—@ on semilogarithmic paper 
was so nearly straight that its slope did not change more than 2 per cent in 
the course of its length, while calculation by Eq. (23) shows that G. should 
have decreased about 6 per cent. Run N, furnishes a more striking example 
for the slope remained constant during the whole run of 277 minutes at 2055° 
although G decreased 55 per cent during this time. 

_ This result may be explained by assuming either that 6 is not strictly a linear 
function of log i, or that the induced evaporation is not quite proportional to 4. 
Taking the latter assumption as the more probable, it has been found that the 
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data of runs U, and N,, as well as several others of a similar nature, are very 
satisfactorily accounted for if the factor (1—6) in Eq. (8) is replaced by 


f(6) = 1—0.82 6—0.18 6, (38) 


the last 2 terms representing the induced evaporation. 

Thus when @ is small, the chance is 0.82 6 that an atom of thorium in arriv- 
ing at the surface shall cause the evaporation of one already on the surface. 
But when 6@ is nearly unity, the chance that an atom of thorium arriving at the 
surface can find a place in the surface without driving off one already present 
is 1.36 (1—@). This suggests that the thorium atoms are not closely packed 
in the surface film even when @ = 1. 


Normal evaporation of thorium.—The actual rate of evaporation of thorium 
may now be calculated from the experimental data by Eq. (8). For the present, 
however, we do not need to assume that this rate is a linear function of 0 and 
will therefore write the equation in the form 

N,d6/dt = DGf(8)—E, : (39) 
where f(6) is given by Eq. (38) but with sufficient accuracy for most purposes 
may be placed equal to (1—6). 

As an illustration of the method used in calculating the values of E as a func- 

tion of 6, let us consider the data of run X, given in Table V. 


; TABLE V 
Rate of Evaporation of Thorium as a Function of 6 
Data from Run X,, Exp. 528 Filament temperature 2300°K 
D = 1.30x 10-° G, = 1.09x 10% R = 0.00389 cm 
l : 

(1) | (2) (3) (4) (5) (6) 

tn | 6 10*dO/de f(0) 10-" DG 10-E 
(atoms cm=* (atoms cm-* 
(min) | (per sec) sec™?) sec~*) 
j 

0 | 0.883 —15.95 0.152 7.86 13.25 
2 | 0.721 —11.73 0.341 | 9.07 11.96 
4 | 0.599 — 9.14 0.472 9.60 11.44 
6 | “0.500 — 7.39 0.567 9.98 | 11.24 
8 0.419 — 6.13 0.640 10.36 | 11.26 
10 0.352 — 5.11 0.702 | 10.58 11.29 
12 0.296 — 4.20 0.752 10.81 11.30 
16 0.201 as 395 0.833 11.26 11.91 
20 | 0.141 = 1,72 0.885 11.64 - 11.60 
24 | 0.111 — 1.01 0.909 11.94 11.62 
28 | 0.094 — 0.44 0.925 12.25 11.33 


The values of 6 were calculated by Eq. (1) from the saturation currents ¢ shown 
in Fig. 4. The derivative d6/dt was obtained much more accurately than would 
be possible from a direct plot such as Fig. 4, by plotting (@—6,,) on semi-logarith- © 
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mic paper against ¢ so as to obtain a curve which was very nearly straight, 
whose slope could thus be accurately measured at any point. According to 
Eq. (10) this slope is equal to k which is here considered variable and it is evi- 
dent that 


d0/dt = —k(0—0..) (40) 


The value of the derivative found in this way is independent of the choice of 6,,. 


The values of DG in Col. 5 are calculated by means of Curve III in Fig. 6, 
in the following manner. In run V, the filament had been heated for several 
hours at 2250° until G had reached its stationary value G, which by Eq. (35) 
is equal to 8.8x 10? at 2250°. In run W, which followed immediately after 
V,, the filament was at 2105° for 196 minutes during which G fell from 8.8 x 10° 
to 6.2 x 10°° while 6 rose from 0.12 to 0.857. The filament was then maintained 
at 2000° for 47 minutes which lowered G to 6.05 x 10°° and raised 6 to 0.883, 
and this was the condition of the filament at the beginning of run X, which 
followed. The initial value of DG at the head of Col. 5 (Table V) was obtained 
by multiplying G by 1.30 x 10-°, which is the value of D at 2300° from Table IV. 

From f,, the time in minutes in Col. 1, we obtain Dt/R* and from Curve 
III in Fig. 6 find the corresponding values of RG/C,. These are proportional 
to DG—DG,, and thus, since we know the initial value of DG and obtain G, 
= 1.09 10# at 2300° from Eq. (35), we calculate the remaining values of 
DG in Col. 5. 

The rates of evaporation E given in the last column are calculated by Eq. 
(39) from the corresponding values of d0/dt, DG and f(6) in columns 3, 5 and 4; 
N, being given by Eq. (15). Although 6 decreases in the ratio 10 to 1, E decreases 
by only 15 per cent, and over most of the range may be taken as constant. 

In run S,, which is also shown in Fig. 4, a similar analysis indicates that 
DG at t=5 minutes, was 52x10" and fell to 15x10" at ¢ = 106. Notwith- 
standing these much higher values of DG, the values of E were not essentially 
different, averaging 16.3 x 104 in the range 0 = 0.7 to 0.2 while a similar ave- 
rage in run X, gives 11.510". This difference is equivalent to a change in 
temperature of 18° at 2300°. In run S, also, E was practically independent of 0. 

The evaporation data from run X, are probably much more reliable than 
those from run S,, since.in the former run the term containing DG in Eq. 
(39) was much smaller in comparison with the d@/dt term than in the latter 
run. The ratios of the values of these terms at the beginnings of these runs 
were 1:10 and 4.5:1 respectively. Of course the factor DG during the course 
of a run is subject to considerable uncertainty as it is not determined directly 
but is calculated from the data of Fig. 6 and involves assumptions as to the 
distribution of thorium throughout the filament. The term involving d6/dt 
on the other hand is found from the experimental data. Therefore it is felt 
that very little weight should be given to determinations of E in runs such as 
S, in which G had high values. 
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Two other methods were used in some experiments to determine values 
of E. These may be illustrated by the data of run V,. The filament was first 
heated at 2800° for 30 seconds, and then run at 2195° for 60 minutes, at which 
time the temperature was changed to 2250°. Between the first and the 12th 
minute at 2195°, 6 increased from 0.23 to 0.88, and the values of (@—6,.) gave 
on semi-logarithmic paper a straight line whose slope corresponded to k = 35.5 
x 10-4 sec. The value of 6, which had to be chosen to get this straight 
line was 0.943. Substituting these values in Eq. (14) gives »+» = 1.53 x 104. 
Assuming, in accord with the result of run X, that »y = 0 in comparison with ¥%, 
Eq. (13) becomes DG = N,k, which gives DG = 26.8 x 104, or taking D = 4.85 
x 10-7° at 2195° by Eq. (34) we find G = 5.53 x 10%, and EF = 1.53 x 104. 

During the remainder of the run at 2195°, @ increased to a maximum of 
0.921 at ¢ = 24 minutes and then decreased slowly as in run S,, Fig. 4. At 
t = 60 min the data showed 6 = 0.882 and d@/dt = —0.20x10-* sec, the 
filament temperature still being 2195°. When at this point the temperature 
was changed to 2250° the filament was rapidly deactivated, so that the curve 
of 6 as a function of t gave a sharp kink, the slope changing abruptly from —0.20 
x 10-* to —4.5x 10-4. Substituting these data obtained just before (1) and 
just after (2) the change of temperature into Eq. (39) together with the value 
of N, from Eq. (15) we get the equations, 

—0.15 x 10" = D,Gf(6)—E, 
and —3.40x 10" = D,Gf(6)—E, | 


where D, = 4.85 10-9, and D, = 8.22x 10-19, and (8) = 0.153 (for 06 = 
0.882). Solving these equations we find 

G = 1.35 x 10°°£,—0.20 x 10% 
and EF, = 3.15 x 104+ 1.69E, 

In this way by measuring the change in slope caused by a change in temper- 
ature, the value of E at one temperature can be found from that at another. 
If in this example we take the value Z, = 1.53 x 10" found from the first part 
of run V, we obtain E, = 5.74104 as the rate of evaporation at 2250° and 
G = 1.86 10#1 which is about one third the concentration gradient found 
at the beginning of the run. 

Table VI contains a summary of the most reliable data on the rate of evapor- 
ation in Exp. 528. Col. 2 indicates the method used to determine E, the three 
methods which have been described above being designated respectively I, 
II and III. The letter A or D is used to indicate whether the filament became 
activated or deactivated during the run. Col. 4 describes the condition into 
which the filament has been brought by its previous treatment; it gives the 
value of G observed in the middle of the range of 6 covered by the run. In some 
of the runs 6 varied over a wider range than indicated in Col. 5, but the value 
of E given in the last column is based on the observations in the range given 
and in this range E seemed to be substantially independent of 0. 
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Tasre VI 
Summary of Data on Rate of Evaporation of Thorium. Experiment 528 


Run | Method | Temp. | 10-G ] Range of @ | E 


N, I—A 2055°K | 1.9 0.4—0.8 6.2 x 10° 
WwW, II—A 2105 0.75 0.2—0.8 1.98x 107° 
—r, I—D 2150 0.61 0.82 5.5 x 10% 
0, I—D 2195 0.57 0.7—0.4 1.7 x 104 
Vi | II—A 2195 5.5 0.2—0.9 1.53x 104 
V; IlII—D 2250 1.9 0.88 5.74x 104 
Ri | I—D 2300 0.54 0.38 1.3 x 104 
Xi | I—D 2300 0.81 0.7—0.2 1.15x 10° 
G, | I—D 2400 1.7 0.6—0.4 8.8 x 104 
U, 


I—D 2450 4.6 0.8—0.3 1.60x 104 


In Fig. 7 the logarithms of E are plotted against the reciprocal of the tem- 
perature. It is seen that the points lie along a straight line which corresponds to! 


log,.E = 31.434—44,500/T. (41) 


Values of E calculated from this equation at intervals of 100° are given in 
Table IV. The slope of the line in Fig. 7 is 44,500 degrees which corresponds 
to a heat of evaporation of 204,000 calories per g-atom. 

Although in the range of 6 covered by the foregoing runs, E is found to 
be nearly constant at any given temperature it is certain from kinetic consider- 
ations that E must become proportional to 6 for sufficiently small values of 
6 where each thorium atom must act independently of others. In fact a few runs 
which had been carried to praticularly low values of 6 gave some indication 
of a falling off in E. In run U, at 2450° E was practically constant between 0.2 
and 0.8 but at 6 = 0.1 had fallen to 65 per cent and at 6 = 0.07 to 48 per cent 
of its value at 6 = 0.2. 

To get more information as to the evaporation in this region of low 6 about 
30 runs were carried out in Exp. 528 (after run X,) with values of 6 ranging 
from 0.02 to 0.3. The data were very consistent but in view of more recent 
experience with other types of active cathodes, it seems probable that they 
were subject to considerable errors due to incomplete evaporation of thorium 
from portions of the filament near the leads which were at a somewhat lower 
temperature. It is evident, because of the enormous ratio between the emission 
from active and deactivated filaments, that if a very short section of the fila- 
ment retains its thorium, serious errors may arise in the determination of 6 


14 In the abstract in the Phys. Rev. 20, 107 (1922), the first term in the second member 
of this equation was given as 7.76. In the early work » was used to express evaporation in 
terms of gram atomsx cm“ sec™!. In the abstract the definition of » was given in atoms instead 


of gram atoms but by an oversight the equation was not correspondingly altered by multiplying 
the Avogadro constant 6.1x 10. 
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particularly for low values of 6. With filaments in a fairly active condition low 
testing temperatures such as 1450° can conveniently be‘ used. Since the cooling 
effect of the leads is much more pronounced at these low temperatures than 
at the higher temperatures at which deactivation occurs, there is no appre- 
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Fic. 7. Evaporation and diffusion of thorium as functions of temperature. 


ciable emission from end portions of the filament which may have retained 
their thorium. At the higher testing temperatures used with the low values 
of 6, more serious errors may otcur. In future experiments all these difficulties 
can be avoided by dividing the anode into sections on the guard-ring principle.¥ 

The general results of these runs with low values of 6 are as follows. At 
temperatures from 2200° to 2250° E did not seem to fall off in value as 0 de- 
creased from 0.3 to 0.07 but showed a slight tendency to rise. At higher tempera- 
tures E did decrease with 6, the more rapidly the higher the temperature, but 
even at 2400° decreased less rapidly than in proportion to 0. As a result of these 
variations of E the temperature coefficient of E, and the heat of evaporation, 
are less than at higher values of 6. 


18 Langmuir and Kingdon, Sciente 57, 58 (1923). 
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The activation runs such as those of Tables I and II furnish some data on 
evaporation at high values of 6. Assuming E to be a linear function of 0, we 
see by Eq. (7) that the value of E for 6 = 1 is »,+-», and this may be denoted 
by E,. Then Eq. (14) takes the form - 

1—6,, — IN (42) 


Therefore (1—6,.) plotted against 1/k should give a straight line passing 
through the origin. The observed values of 9,, in Table II fulfil this condition 
satisfactorily. The slope of the line gives E,;.V, from which we find E, = 1.66 
x 10'*. The 6th Column of Table II contains values of 6,, calculated by Eq. 
(42) with this value of E, and the data for k in Col. 4. The agreement with the 
observed values is probably within the experimental error and justifies the 
assumption of a linear relation between E and 6 in the region from 0 = 0.94 
to 1.0. The value of E, from the data of Table II is 2.75 times greater than 
the value of E calculated from Eq. (41) for this temperature (2055°). 

The data in Columns 4 and 5 of Table I were also used to calculate values 
of E, by Eq. (42). These were compared with E calculated for the same tem- 
peratures from Eq. (41) and were found on the average to be 3.12 times greater. 
Col. 6, Table I contains values of 0,, calculated by Eq. (42) from the data for 
k in Col. 4 by placing Ej; = 3.12E where E was calculated by Eq. (41) for the 
temperature T, (Col. 2). The agreement between the observed and calculated 
values of 6,, is excellent. This is of especial significance when it is remem- 
bered that the data of Table I were obtained with a filament containing 1.5 per 
cent of thoria while the filament of Table II had 1.0 per cent. 

The work at low, intermediate, and high values of @ thus leads to the fol- 
lowing conclusions. In the range from @ = 0 to about 0.1, E increases probably 
about in proportion to 0, but before 0.2 is reached increases much more slowly. 
Between 0.2 and 0.8, E is approximately constant, showing however a tendency 
to increase slightly with 9 at temperatures as high as 2400°, but to decrease 
slightly as 0 increases at temperatures as low as 2200°. Above 0.8, E increases 
again and between 0.85 and 1.0 it increases linearly with @ until at 6 = 1, E is 
about 3 times as great as in the range from 0.2 to 0.8. 

Variation of heat of evaporation with 8.—Dushman" has proposed the fol- 
lowing empirical equation for the velocity of monomolecular reactions 


dloge 

dt 
where c is the concentration of the reacting substance, and hy is the heat of 
reaction per molecule. Although this equation is certainly not rigorous it has 
been found to apply with a satisfactory degree of approximation to many fun- 
damental processes which depend on temperature. The first member of the 
equation is the reciprocal of the average life t of the molecules of reacting sub- 


= yet (43) 





4 §. Dushman, ¥. Amer. Chem. Soc. 43, 397 (1921). 
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stance, and in this form the equation becomes applicable to many classes of 
phenomena for which we have previously had no similar relation. 
The average life of a thorium atom on a surface of tungsten is given by 


t=N,6/E (44) 


Combining these equations and substituting Q = Nh», where Q is the heat 
of evaporation of thorium from tungsten per gram atom, we obtain 


E = (No Q6/Nh) e- 0"? £45) 
When the values of Ny, N and h are substituted in this equation it becomes 
E = 1.804 x 10'Q6e-°/*? (atoms sec-! cm-*). (46) 


We may now calculate the value of Q as a function of 0 from our data on 
the rate of evaporation as illustrated in Table VII. The second column gives 
the rate of evaporation at 2300° calculated from Eq. (41) which merely sum- 
marizes the experimental data. The value at 6 = 1 is made 3 times that in the 
range 0.2 to 0.8 in accordance with our previous conclusion. The 3rd Col. 
gives values of QO calculated from these data by Eq. (46) but converted to calories 


per gram atom. 
Tas.e VII 


Heat of Evaporation of Thorium as a Function of 0; 
Filament Temperature 2300°K 


Heat of evaporation 
E 


(atoms sec™! cm—*) 





Rate of evaporation 
6 
(calories per g-atom) 


0.2 1.22x 10% | 182,800 


0.9 1.22 ,, 187,100 
0.8 1.22 4; 189,200 
1.0 3.66 ,, 185,200 


Considering the appr oximate nature of the Dushman equation the agreement 
between the calculated values of Q and the value QO = 204,000 found more 
directly from Eq. (41) is satisfactory. It is probable that the differences in Q 
for different values. of @ are accurate to much higher degree. Almost the same 
differences may be calculated from the same data by the Boltzmann equation. 
The most noteworthy feature of these variations of Q with @ is that they are 
so small. It indicates that the forces acting between adjacent thorium atoms 
on the surface is very small compared to those involved in holding these to 
the underlying tungsten atoms. The increase in Q between 0.2 and 0.8 cor- 
responds to attractive forces while the decrease between 0.8 and 1.0 is evidence 
that the atoms are subjected to repulsive forces by the neighboring thorium 
atoms when they become more crowded. The effects are so small, however, 
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that they prove that the thorium atoms are not closely packed. The results 
are thus in accord with the conclusion we have reached in regard to the magni- 
tude of Nj. . 

Volmer and Estermann’’ have shown that mercury atoms that condense 
on a solid mercury crystal may retain their mobility of thermal agitation in an 
adsorbed film, as a kind of 2-dimensional gas. It is highly probable that thorium 
atoms on a tungsten surface at sufficiently high temperature are able in a simi- 
lar way to move over the surface. The phenomena of induced evaporation, 
however, seem to indicate that this degree of mobility is very limited, for 
a thorium atom coming from within the filament to a surface only partly co- 
vered with thorium, would otherwise be able to push a thorium atom on the 
surface into an adjacent position instead of inducing it to evaporate. The average 
life of a thorium atom in a given position on the tungsten surface lattice (with 
respect to surface mobility) must therefore be long compared to the life of 
a thorium atom (with respect to evaporation) which has a thorium atom under it. 


_ Tasrg VIII 
Properties of a Thoriated Tungsten Filament in the Steady State 
Filament contains 1 per cent of ThO, Diameter 0.00389 cm 


(1) (2) (3) (4) 6) | ©) (7) 


Electron Time of Time of 
T Gr 6; emission Life recovery activation 
7 t 1/a 1/k 
(atoms cm~*) (amp. cm™*) (hours) (sec) (sec) 

1300°K | 6.61x10 | 0.99997 | 4.14« 10-* 1.50x 102° 
1400 2.23 x 10% 0.99975 3.12x 10-* 1.11x 10° 1.43x 104 
1500 6.41 x 108 0.99878 0.0179 1.17x 10° 5.23x 10° 
1600 1.61 101* 0.99528 0.0812 1.63x 107 2.88 x 10° 
1700 3.64x 101° 0.9848 0.287 2.86x 10° 2.15x 10’ 
1800 7.51x 102* 0.9605 0.772 720,000 6.10x 108 2.02x 10* 
1900 1.43 10*° 0.9191 1.59 94,000 1.53x 10° 2.18 x 10° 
2000 2.57x 10° 0.8713 2.89 15,100 44,100 2.48x 10 
2100 4.36x 10*° 0.781 3.43 2,897 14,300 9.48x 10° 
2200 7.03 x 10*° 0.551 1.24 643 5,130 2.10x 10° » 
2300 1.09x 10# 0.139 0.114 164 2,010 531. 
2400 1.63 x 10% 0.0601 0.168 47 855 7.0 
2500 2.36 10% 0.0355 0.357 14.6 389 1.28 
2600 3.31 10 0.0207 0.774 5.01 191 0.268 
2800 6.08 x 10#4 0.0088 3.48 0.74 51 0.0161 
3000 1.03 x 10 0.0041 13.5 | 0.14 17 0.0014 


A summary of the properties of thoriated tungsten filaments is contained 
in Table VIII. With any such filament we may classify the phenomena into 
2 groups: (I) those characteristic of the stationary state in which the metallic 


17 Volmer and Estermann, Zeitschr. f. Physik 7, 1 and 13, (1921). 
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thorium is diffusing out of and leaving the filament at the same rate as it is 
produced within the filament by reduction of thoria, and (II) transient phe- 
nomena due to departures from the stationary state caused by changes in tem- 
perature or removal of thorium from the surface of the filament by sudden 
flashing or positive ion bombardment. These transient phenomena are of two 
kinds; (IIa) those in which the rate of production of thorium metal in the fila- 
ment is not equal to the rate of diffusion to the surface (so called steady state), 
and (IIb) those in which the rate of evaporation from the surface is not equal 
to the rate of arrival at the surface. 

Col. 2 in the table gives values of G, (the concentration gradient at the sur- 
face when the stationary state (I) has been reached) calculated by Eq. (35). 
Col. 3 gives 6,, the fraction of the surface covered with thorium when the fila- 
ment is in the stationary state (I). These data are calculated by means of Eq. 
(12), 6.. being replaced by 0, and G by G,. The values of D are taken from 
Table IV or Eq. (34). In accord with the experimental data discussed previ- 
ously, the following convention has been adopted for values of » and ». 








Range of 6° | M% | y 

0.0 to 0.1 0 10E 
0.1 to 0.85 E 0 

0.85 to 1.0 —10.33 E +13.33 E 


The value of E is given by Table IV or Eq, (41). 
Col. 4 gives the electron emission #, in amperes per cm? at the temperature 
T (Col. 1) when the fraction 0, of the surface is covered with thorium. Dushman?® 
has shown that the electron emission from any heated metal is given by 
t = 60.27%«-"/7 amp. cm-’, (47) 


where 6 is a constant which depends on the material of the cathode or the con- 
dition of its surface. 
Eq. (2) may be written 
b = by+6(b,—by) (48) 


Dushman has obtained the values: 5, = 52,600, 5, = 34,100. Substituting 
these in Eq. (48) and then placing the value of b in Eq. (47) we obtain the data 
given in Col. 4. 

The ‘‘stationary” emission from a thoriated filament thus reaches a maxi- 
mum somewhat above 2000° and then falls gradually to that of pure tungsten. 

Col. 5 gives the life of the thoria in the filament calculated from p, (Eq. (37)) 
by the relation t = 1.22 10'"/p,. This represents the time required for the 
total thoria content of the filament to fall to one eth of its original value. 

Col. 6, under the heading Time of recovery, gives the time required for 
transient effects of the first class (IIa) to fall to one eth of their value. Thus 


18 Dushman, Phys. Rev. 20, 109 (1922), and Gen. Electr. Rev. 26, 154 (1923). 
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if the filament has been kept at 2000° until the stationary state has been reached, 
and the temperature is then changed to 2100°, G begins to change from the 
value 2.57 x 10%° and approaches the new stationary value 4.36 x 10*, in such 
a manner that it takes 2897 seconds to go to within one eth of the way to the 
final value. The quantity a, whose reciprocal is the time of recovery, is calcu- 
lated and defined by Eqs. (23) and (24). The time of recovery gives a measure 
of the time needed to bring the filament into the stationary state. 

The last column of the table gives the time of activation, the reciprocal 
of the rate of activation k, defined by Eq. (10). The values in the table were 
calculated by means of Eq. (11), replacing G by G,. This time of activation 
is the time needed for 6 or i to return to within one eth of the way back to 
the ‘‘steady” value (8,. or i...) after any small change produced by altering 
the temperature for such a short time that G, is not appreciably affected. 
The time of activation is also a measure of the sensitiveness of the filament 
to effects which tend to destroy the thorium film on the surface, such as posi- 
tive ion bombardment or chemical action of residual gases. 

The data of Table VIII apply strictly only to a filament of the diameter 
given. By Eq. (36) we see that G, should increase in proportion to R and this 
will change 0, and i,. The life t is independent of R. By Eq. (24) it appears 
that the time of recovery is proportional to R*, and by Eq. (11) the time of 
activation is inversely proportional to R at low temperatures and independent 
of R at high temperatures. 

By introducing carbon into the filament, as for example by heating the fila- 
ment in hydrocarbon vapors at low pressure, the value of G, may be greatly 
increased, causing a corresponding increase in 0, and i, but a decrease in the 
life and in the time of activation. The decreased sensitiveness to gas effects 
may be of very great advantage in practical devices utilizing this type of cathode. 

The writer wishes at this time to express his appreciation of the assistance 
and suggestions he has received from Dr. William Rogers, Mr. S. Sweetser 
and Dr. S. Dushman. 
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EaRLY in 1923 it was shown! that a tungsten filament heated to 1200°K or 
more in saturated caesium vapor converts all caesium atoms which strike it 
into caesium ions. Thus when the filament is surrounded by a negatively 
charged cylinder a positive ion current flows from the filament, which is 
independent of the filament temperature (above 1200°K) and independent 
of the applied potential, if this is sufficient to overcome the space charge effect 
of the positive ions. At lower voltages the currents follow the 3/2 power law, 
and the currents are smaller than the corresponding electron currents obtainable 
from the same filament in the ratio of the square roots of the masses of the 
electrons and caesium ions. 

The reason that the caesium atoms lose their valence electrons so readily 
upon contact with the filament, is merely that the electron affinity of tungsten 
(Richardson work function) is 4.53 volts, while the electron affinity of a caesium 
atom (ionising potential) is only 3.88 volts. Experiments showed in fact that 
if the work function for the filament is lowered to 2.69, by allowing a mon- 
atomic layer of thorium atoms to accumulate on the surface (by diffusion from 
the interior of a thoriated tungsten filament), the positive ion emission becomes 
negligible. 

The positive ions must be attracted to a tungsten surface because of the 
electron image force. Thus it is that below about 1200°K the caesium ions 
evaporate so slowly from a tungsten surface that this becomes partly covered 
by adsorbed caesium ions. The presence of these ions, however, lowers the 
electron affinity of the surface, so that when about 20 per cent of the surface is 
covered, the work function falls below the ionising potential of the caesium. 
With more caesium on the surface the caesium atoms which strike the filament 
no longer escape in the form of ions but remain in the atomic state. Thus the 
positive ion currents disappear below about 1100°K. But the lowering of the 
electron affinity raises the electron emission, and when the surface becomes 
more completely covered by caesium as the temperature is lowered, the electron 


1 Langmuir and Kingdon, Science 57, 58 (1923), and Phys. Rev. 21, 380 (1923). 


18 Langmuir Memorial Volumes III [273] 
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emission rises to a maximum (of about 10-* amps. per cm? at 700°) and then 
decreases rapidly at still lower temperatures, in accordance with Richardson’s 
equation. 

By heating a tungsten filament in a low pressure of oxygen its surface may 
be covered by a monatomic film of oxygen ions, which does not evaporate 
appreciably below 1600°K and which raises the electron affinity of the surface 
to 9.2 volts. On this surface, atoms such as those of copper, which have ionis- 
ing potentials below about 9 volts, can be converted into positive ions, although 
others (such as mercury) with ionising potentials of 10 volts or more, do not 
form positive ions.* 

Caesium ions are held more firmly by the adsorbed oxygen film than by 
a surface of tungsten, so that with a caesium vapor pressure (at 30°C) of only 
0.0029 bar, the surface remains practically completely covered by caesium 
ions, up to a filament temperature of 1000°K, and thus the electron emission 
reaches the high value of 0.35 ampere per cm’. 

Since these results were published, detailed experimental studies of these 
phenomena have been made and the theory has been further developed. Full 
presentation of the data and the derivation of the theoretical results will be 
reserved for a paper to be submitted to the Physical Review, while in the 
present paper the aim will be to outline the view-point which has been arrived 
at and to state conclusions. 


Thermal Ionisation of Caesium Vapor 


The degree of thermal ionisation of caesium vapor may be calculated 
from the ionising potential by the modified form of Saha’s equation given by 
Fowler and Milne (Monthly Notices, Roy. Astron. Soc. 83, 403 (1923)). The 
ionisation of caesium vapor at a pressure of 0.001 bar and 1200°K should 
be 0.00095, or only one-tenth per cent. A similar calculation for the degree 
of thermal excitation (corresponding to the first resonance potential of 1.48 
volt) is only 6x 10-7. 

Saha (Phil. Mag. 46, 534 (1923)) has attempted to calculate the electric 
conductivity of caesium vapor from the degree of thermal ionisation, but 
has obtained results only partly in accord with experiments. 

Let us consider an enclosure at 1200°K, having walls of tungsten and con- 
taining caesium vapor corresponding to a pressure (ions+atoms) of 0.001 
bar. Our experiments have shown that practically all caesium atoms which 
strike tungsten surfaces at this temperature are converted into ions and leave 
the surface in this condition. The normal free path of the caesium atoms, 
being of the order of 10‘ cm at this pressure, is so great that, with an enclosure 
of reasonable size, practically every atom or ion in any element of volume 
will have collided with the walls many times since its last collision with another 


* Kingdon, Phys. Rev. 23, 774, 778 (1924). 
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particle in the free space. It is thus clear that nearly all the caesium atoms in 
a small enclosure at 1200°K must be converted to ions. 

At first sight this conclusion seems to be entirely inconsistent with the 
degree of ionisation of 10-* calculated from the Saha equation. But we must 
remember that in calculating the degree of ionisation it was assumed that the 
concentrations of electrons and ions in the ionised gas are equal.* Since the 
walls of the enclosure give off electrons, there is no necessary relation between 
the concentrations of the ions and the electrons. What Saha’s equation really 
gives is the equilibrium constant, 





_ nM, ; 

K,= "ia (1) 
where n,, n,, and , are respectively the number of electrons, of positive ions 
and of atoms per unit volume. The value of K,, when n,, n,, and n, denote 
the numbers of particles per cm*, is given by 


logy K, = 15.385 + + logis T- sd - (2) 





At 1200°K the value of K, is 5340. The electron emission from any metal 
is given by 
I = AT%-** (3) 


where, for pure tungsten, A = 60.2 amperes per cm* deg.-* and b = 52,600 
degrees. The electron density n, is obtainable from the electron emission I by 
the relation 


2m \4 ae: 
n= (Fe) I = 4.034x 10! Vi ; 
I being expressed in amperes per cm* and 2, in electrons per cm*, =» 

Thus we find that n,, the number of electrons per cm? in equilibrium with 
tungsten at 1200°K, is 9.25. Inserting this value of m, in equation (1) 
together with the above value of K,, 5340, we obtain n,/n, = 577. Thus if 
578 caesium atoms or ions strike a tungsten surface at 1200°K, an average 
of only one will leave the surface as a neutral atom, while 577 leave as ions. 
This conclusion is in accord with the experiments. 

Suppose, on the other hand, the walls of the enclosure are completely co- 
vered by a single layer of thorium atoms. The electron emission for the surface 
is then given by equation (3), with the constants A = 7.0 and 6 = 31,200, so 
that by equation (4) we find n, = 6.010’. Then by equation (1) we obtain 
n,|n, = 8.9X 10-5. This means that only one atom of 11,000 striking a fully 
thoriated tungsten surface would leave it as an ion. This is in accord with the 
observation that the positive ion emission from a thoriated filament in caesium 
vapor is negligible compared with that from pure tungsten. 





(4) 


* This tacit assumption in Saha’s recent paper is largely responsible for the discrepancy 
between his conclusions and the experimental data. 


18° ‘ 
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Tams I 
Thermal Ionisation of Caestum Vapor in Contact with Pure 
Surfaces of Tungsten and Thoriated Tungsten 

















Tungsten Thoriated tungsten 
T K, 

! | Re | Ryl Re Re | Mplty 
| 2.35x10 | 5.56x10- | 4,230,000 | 252x10-* | 9.33x10-™ 
2.26 1.10x 10-° 2060 2.52x 10% 8.96x 10-* 
5.34x 10 9.25 $77 6.00x 107 8.90x 10-* 
1500 1.34x 107 8.29x 10% | 162 1.52x 10° 8.80x 10-* 
2000 | 3.72x 10°° 8.22x 10° | 45.3 4.25 x 10 8.75x 10-* 
2500 4.67 x 10% 2.21 x 104 | 21.1 1.34x 10*4 3.49x 10-3 





Table I gives data for the thermal ionisation of caesium vapor in enclosures 
of tungsten and fully activated thoriated tungsten. These figures are based 
on the assumption that the electron emission is that which is characteristic 
of the material of the walls and is not altered by the presence of the caesium 
vapor. This assumption is only valid if the temperatures are so high, or the 
vapor pressure of caesium so low, that no appreciable adsorption of caesium 
occurs. From the table it appears that caesium vapor in contact with tungsten 
walls at 500°K should be practically completely converted to ions. That this 
does not occur can be due only to the presence of adsorbed caesium, which 
increases the electron emission of the walls. 

The degree of ionisation n,/n, decreases with rising temperature with tung- 
sten, whereas it increases with thoriated tungsten. The positive ion emission 
from a pure tungsten surface in presence of caesium vapour is practically always 
limited by the rate at which the caesium atoms arrive at the surface, so that 
it is not practicable to use measurements of the positive ion currents from pure 
tungsten surfaces to determine experimentally the value of K,, and thus to 
check the theory. 

With pressures of caesium corresponding to room temperature (0.001 bar), 
the number of positive ions generated becomes small compared to the number 
of atoms that strike the filament, if the filament temperature is below about 
1150°K, but the electron emission at this temperature is too small to measure. 
At the still lower temperature at which large electron emissions are obtained 
from the filament due to the adsorbed caesium, the positive ion currents are 
too small to measure. However, by raising the pressure of the caesium vapour 
to 0.1 bar or more, it becomes possible to measure the positive ion and the 
electron emissions at the same filament temperature, and thus obtain data for 
determining experimentally the degree of thermal ionisation of caesium. 

A pure tungsten filament was heated to 1177°K in a bulb containing sa- 
turated caesium vapor at 70°C. By applying first positive and then negative 
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potentials to the surrounding collecting electrode, the electron and the positive 
ion emissions were measured. The currents increased a little with increasing 
voltage, because of the Schottky effect, so that they were corrected by extra- 
polating to zero volts by plotting the logarithms of the currents against the 
square roots of the voltages.* 

The electron emission at 1177°K was 2.22 x 10- and the positive ion emis- 
sion 2.06 10-* ampere per cm?. The electron emission from a pure tungsten 
surface at this temperature in absence of caesium is 3.25 x10-%. On raising 
the filament temperature to 1300°K or more, the positive ion current increased 
to 2.43x10-*, and was then independent of the filament temperature and 
applied voltage, if this voltage were high enough to overcome the positive 
ion space charge. This ion current is thus a measure of the rate at which 
caesium atoms strike the filament and corresponds to 1.52x10!* atoms per 
sec per cm’, or a pressure of 0.122 bar of caesium vapor. 

At the lower temperature (1177°K) the atoms still strike the filament at the 
same rate, although the positive ion current is only 1/1180 as great as at the 
higher filament temperatures. The conditions at the surface of the filament 
must be essentially the same as though it were surrounded by an enclosure 
at 1177°K, containing such a concentration of caesium vapor that 1.52 x 10" 
atoms strike each square cm per second. This concentration would be 


n, = 1.4010" atoms per cm? 


which corresponds to a pressure of 0.226 bar. 

If the filament were in an enclosure at 1177°K under equilibrium condi- 
tions with this concentration of caesium, the filament would emit and absorb 
electron and ion currents equal to those measured in the bulb at 70°C. From 
these observed currents we may thus calculate by equation (4) the equilibrium 
concentration of electrons and ions. We obtain in this way 


n, = 2.60 x 10® electrons per cm’, 
nm, = 1.19 10° ions per cm?. 
Substituting these values of n,, nm, and m,, in equation (1) we obtain; for the 
experimentally determined value of K, at 1177°K, 
K,, (exp) = 2210 per cm’, 
while calculation from equation (2) at 1177°K gives 
K, (calc.) = 2500 per cm%. 


This difference in the two K,.’s corresponds to a very small change in tem- 
perature. To obtain K, = 2210 from equation (2), we need only to substitute 
T = 1174 instead of T = 1177. The agreement between the observed and 
calculated values is thus as close as the accuracy of the temperature measure- 
ments. 


* S. Dushman, Gen. Electr. Rev. 26, 157 (1923). 
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‘A similar set of data was taken with the filament at 1254°K and the bulb 
at 80°C, giving a caesium vapor pressure%of 0.266 bar. The electron and 
ion currents were 3.74 10-* and 2.03x10-* ampere per cm® respectively. 
The value of K, found from these measurements was 16,600, while equation (2) 
‘gives 28,700. The error is larger, but the experimental value corresponds to 
that given by equation (2) at T = 1236°, which agrees reasonably well with 
the observed temperature of 1254°. These experimental determinations of. 
the thermal ionisation of caesium vapor thus give results in full accord with 
Saha’s equation, and verify the Sackur-Tetrode value of the chemical constant 
as applied to ionisation. 

In these experiments the ion currents used in determining n, corresponded 
to a negligible fraction of the atoms striking the surface (n,). When 2, cal- 
culated from the ion current is not negligible compared to the n, corresponding 
to the caesium pressure, there will be an appreciable departure from the 
equilibrium conditions. An analysis of the kinetics of the positive ion emis- 
sion had led to the following equation for calculating K, under these con- 
ditions, 

n,n, 


K, = ——“-- (5) 


n,—n, 
Thus the effective concentration of caesium is not m,, but is n,—n,. 


If the collecting electrode is made positive, the positive ion current and n, 
fall to zero, so that the effective concentration corresponds to n,. Thus the 
amount of adsorbed caesium will be greater when the collector is made pos- 
itive. For this reason, m, in equation (5) cannot be determined from measure- 
ments of electron emission unless it is known that the amount of adsorbed 
caesium is too small to influence the emission. This condition, however, seems 
to be fulfilled with partly activated* thoriated filaments at high temperatures, 
for the electron emission at temperatures above 1300° is not altered when the 
caesium vapor pressure is raised from 0 to 0.008 bar. 

A series of measurements were made of the positive ion currents and the 
electron currents from thoriated filaments in various states of activity. The 
ion currents for fully activated thoriated filaments were about 1 per cent. of 
those from a deactivated filament for which the current was limited by the 
supply of caesium atoms. 

The currents from the less active filaments decreased as the filament tem- 
perature was raised, while those from the more highly activated filaments 
increased with temperature, quite in accord with the calculated temperature 
variations of n,/n, given in Table I. But the values of K, calculated from these 


* A thoriated filament is said to be activated when thorium is brought to its surface by dif- 
fusion from the interior, thus increasing its electron emission. A full discussion of the methods 
of activating these filaments and the theory of these effects was given by Langmuir, Phys. Rev. 
22, 357 (1923). 
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data by equation (5) came out from 4 to 50 times too great. It is probable 
that the discrepancy is due to lack of homogeneity of the adsorbed thorium 
film. A few minute regions having less than the normal amount of thorium 
would have little effect on the electron emission, but would increase the posi- 
tive ion emission and thus give too large values for K,. Further experiments 
will be made to investigate these effects in more detail. 

Space Charge Effects.— Since in general the electron density n, and the 
ion density m, are not equal, there will be space charges around a heated body 
in caesium vapor. For example, in a large enclosure having tungsten walls 
at, say, 1500°K, there is a positive space charge, which makes the potential 
of the space in the enclosure higher than that of the walls. This field repels 
ions and attracts electrons, and thus makes the concentration of the particles 
of the two signs in the centre of the enclosure more nearly equal. At a con- 
siderable distance from the walls the space charge and the potential gradient 
thus disappear, but the potential in this region may differ by several volts 
from that near the walls. By simultaneous solution of the Boltzmann and 
Poisson equations, the potential distribution near a plane electrode can be 
worked out.* 

The Adsorbed Film of Caesium.— Both electrons and ions, when they approach 
within less than about 10-* cm of a metallic surface, are acted upon by strong 
forces (electric image forces) drawing them towards the surface, because of 
the charges of opposite sign which the particles induce in the surface. Each 
singly charged particle is thus attracted to the surface by a force equal to 
e?(2x)?, so that within the range of this force the particles are distributed as 
though they were subjected to a potential equal to +e/(47) in addition to the 
potential resulting from space charge. 

Since the former potential is a fictitious one, called into play only by the 
presence of the particular particle upon which it acts, much confusion will 
be avoided if the term potential is not applied to it. It is, in fact, what the electro- 
chemist calls ‘‘electromotive force.’ However, since it is measured in volts 
it is better not to call it a ‘‘force,” it is therefore suggested that the term 
motive be used. The motive is thus defined as a scalar quantity whose gradient, 
in any direction and at any point, represents the force-component per unit 
charge which acts on an electron or ton. The motive thus includes the potential. 

The concentrations n, and nm, just beyond the range of the image force are 
given by equation (1), so that the product 2,”, remains constant. But within the 
region of the image force both m, and m, increase as the surface is approached, 
the increase of concentration being calculated from the Boltzmann equation 

1/1, = e*elk? (6) 

* Since deriving the equations for this case and applying them to caesium vapor, we have 

found that the subject of space charge under equilibrium conditions in presence of positive 


ions and electrons in a metallic vapor has been treated mathematically in a recent paper by 
Laue, Sitzber. Preuss. Akad. d. Wiss. (December 6, 1923), p. 334. 
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where n, and n, are the concentrations in two regions between which the motive 
difference is E.* Thus close to the surface the product n,n, increases rapidly. 
This does not violate thermodynamic principles, because the ionising poten- 
tial, which was used in calculating K, according to equation (2), becomes 
a function of the distance of an atom from a surface when the atom is in the 
region of the image forces. 

We believe that the formation of an adsorbed film of caesium on a tungsten 
surface is largely the result of the high concentration a, of ions within the 
region of the image force. The motive corresponding to the image force is 
equivalent (according to Poisson’s equation) to a fictitious space charge, n, 
(electrons per unit volume), given by 


1 0.040 
"= Bae = ”) 


where x is the distance from the surface. The actual space-charge densities 
in the image region are enormous compared to those outside this region, but 
nevertheless they are usually negligible compared to n, except when <x is less 
than about 2x 10-® cm. 

Thus there are no appreciable potential differences, such as would be ne- 
cessary to alter the contact potential of a metal, except within atomic distances 
of the surface. Since changes in contact potential always accompany changes 
in electron emission, we conclude that a modification of the electron emission 
of a surface by caesium vapor is not due to an electron and ion atmosphere, 
as was suggested in our paper in Science, but can only be due to caesium ions 
or atoms in a monatomic layer on the surface.t 

The concentration of ions in the image region 1s dependent on that outside 
this region, and, in fact, will be proportional to it, if the concentration is not 
too high. Thus, considering the data of Table I, we may understand why 
caesium vapor does not appreciably raise the ¢lectron emission of a fully 
thoriated surface at any temperature, whereas that of tungsten at 700°K may 
be increased 10'*-fold. Each adsorbed ion on the surface draws electrons into 
its neighborhood and this partly offsets its positive charge. Probably consi- 
derations apply to the distribution of electrons around the adsorbed ion some- 
what similar to those that Debye and Hiickelt have applied to solutions of 
strong electrolytes. 

If the adsorbed atoms are relatively far apart they probably repel one another 
because of their excess of positive charge. But as they become more closely 
packed, the electron concentration in the spaces between the ions, varying 


* The signs of these quantities are omitted, for they are different for positive and negative 
charges and may be readily supplied when needed. 

+ We shall show that in the adsorbed film no distinction can be drawn between atoms and 
ions. 

t Debye and Hiickel, Phys. Zeit. 24, 334 (1923). 
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as it does exponentially with the potential (equation 6), must increase very 
rapidly, and thus, as we shall see, the ions tend to be drawn together and 
exhibit properties like those of the molecules of liquids. 

We are thus led to the conception of an equation of state for the adsorbed 
caesium atoms. It has been possible, by measurements of the electron emission 
of tungsten filaments in presence of caesium vapor, to gain much quantitative 
information as to this equation of state, and also to determine the energy changes 
involved in the adsorption of caesium on tungsten or on a film of oxygen ions. 
This work is still in progress, and it is hoped that it can be extended to give 
the complete equation of state for even concentrated (close-packed) adsorbed 
films. It would seem that a study of the growth of these films, from the 
dilute (2-dimensional gas) state to the concentrated (liquid or solid), should 
throw much light on the state of the electrons within metals. 

Qualitatively we have very direct evidence of the existence of two ‘‘phases” 
in the adsorbed films by measurements already briefly described in the paper 
in Science. The positive ion emission from a tungsten filament in caesium 
vapor increases discontinuously as the temperature is raised. At a certain 
temperature a large positive ion emission begins at one point of the filament 
and then spreads at a uniform rate along the filament until the whole filament 
gives the higher emission. If while this process is occurring the temperature is 
lowered, the rate of spreading of the active region is decreased, or the boundary 
may even be made to move back again. There are thus two distinct surface phases 
(a concentrated and a dilute phase) with a definite boundary between them. 


Electron Emission from Dilute Caesium Films Adsorbed on Tungsten 


Consider a tungsten surface at such high temperature in caesium vapor 
that only a small fraction of its surface is covered by adsorbed caesium. The 
concentration n, of ions just outside the region of the image force will be high 
compared to n, the concentration of atoms. The ions strike the surface at a rate 
proportional to 7,.,Since the adsorbed film is dilute, the ions on the surface 
evaporate independently of one another, and thus the rate of evaporation of 
ions is proportional to m,, the number of adsorbed ions per cm*; so we | 
may place 

eles (8) 
Here c is a constant at a given temperature, which is proportional to the pro- 
bability of evaporation per unit time for any adsorbed ion. 

It has been shown by one of us,* both theoretically and experimentally, 
that for dilute adsorbed films the logarithm of the electron emission is a linear 
function of ,, so that 

d log n, 
dn, 


* I. Langmuir Phys. Rev. 22, 364 (1923). 


= B (9) 
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where B is a constant at a given temperature. Combining equations (8) and 
(9) with (1) and integrating, we find 
BK 


- "Ma (10) 


n, log 








ne 
Neg 
where n,, is the value of n,, which corresponds to m, = 0, 1.e., a surface of 
tungsten without adsorbed caesium. We thus see that, as the caesium pressure 
varies, I log (I/I,) should increase in proportion to the pressure of caesium 
vapor, and that from the constant of proportionality, since we know K,, we 
can determine B/c. 

Experiments made for the purpose of testing this conclusion have given 
data in good agreement with this theory. Filament temperatures from 1450° 
to 1800°K were used and the caesium vapor pressures ranged from 0 to 4.07 
bars (bulb at 120°C). Filament temperatures of at least 1450° were needed 
to give sufficient electron emission, and the high caesium vapor pressures 
were required to give a sufficient increase in emission to test the theory. At 
1470° the electron emission with 4.07 bars of caesium vapor was 1300 times, 
while at 1790° it was only 3.6 times, that of a pure tungsten surface. 

The conclusions drawn from these experiments are— 

(1) The quantity I log (I/I,) is proportional to the pressure of caesium vapor 
within the probable experimental error, except that at the highest pressures 
with the lowest filament temperatures the value is too high, probably because 
the surface film is no longer dilute. The agreement with the theory is in fact 
excellent for all cases where 6 does not exceed about 0.13. For 6 = 0.21 
the function I log (I/I,) is about 1.8 times the calculated value (at 1470°K). 

(2) The pure number BK,/c has practically no temperature coefficient, and 
has the value 8.8 x 10-4. 

(3) Since B is approximately inversely proportional to the filament tempera- 
ture, the temperature coefficient of ¢ is only slightly less than that of K,. 
By the Clapeyron equation we can thus find the heat of evaporation of positive 
ions from the dilute adsorbed film and obtain a value corresponding to 3.97 
volts. 

(4) It has been found that the values of B defined by equation (9) range 
from about 2.5 x 10-18 at 1500°K to 2.1 x 10-18 cm? at 1800°K. Thus the values 
of ¢ are given by 
19,530 


logig ¢ = 9.02+0.5 log,, T — a an (11) 


This equation gives data for the rate of evaporation of adsorbed caesium ions 
on tungsten. 

The Gibbs equation for the adsorption isotherm may readily be put in the 
form 


ar 
Tioga, = *#T (12) 
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where I’ represents the spreading force (in dynes per cm) of the adsorbed 
film, which corresponds in the 2-dimensional film to a pressure in a 3-dimen- 
sional gas. An equation of state for the film is thus an equation which expresses 
Fas a function of n, and T. To obtain such an equation* we merely need to 
obtain a relation between , and n, in order to eliminate n, from equation (12). 

But in equation (8) we have such an equation between n, and n, for dilute 
films. Combining this with equation (12), integrating, and fixing the integra- 
tion constant by the condition that [= 0 when a,= 0, we obtain as our 
equation of state for dilute films 


P= nT, (13) 


which corresponds exactly in 2-dimensional gases with the law p = nkT for 
ideal 3-dimensional gases. Since, at constant temperature, the asgumption 
¢ = constant in equation (8) was verified by the experiments, we may take 
the foregoing analysis as proof that the dilute caesium films follow the laws 
of ideal gas films. This means that the spreading force of such films is due 
primarily to thermal agitation and not to repulsive forces between neighboring 
adsorbed ions. 

When the amount of adsorbed caesium became so great (6 = 0.21) that the 
film was no longer dilute, we have seen that the electron emission increased 
faster with the caesium pressure than it should according to the theory for 
dilute films. This means that J” increased less rapidly than in proportion to n,, 
and thus the adsorbed ions exerted attractive forces on one another. We shall 
find further support for this conclusion in our study of concentrated adsorbed 
films. 

The energy changes involved in the formation of dilute adsorbed films 
throw considerable light on the mechanism by which adsorbed atoms are held 
on the surface. Since the energy required to remove an adsorbed atom in the 
form of a positive ion is approximately the same as the ionizing potential of 
the atom, it is probable that the relation between the positive kernel of an adsorb- 
ed atom (the Cs+ ion) and the electrons of the tungsten surface is substantially 
the same as that between the kernel and the valence electron of a free atom 
Thus a caesium atom on a tungsten surface shares its valence electron with 
the tungsten very much as pairs of electrons are shared between atoms joined 
by the covalence bond. From this view-point there can be no real distinction 
between atoms and ions adsorbed on a metallic surface. 

If we think of an adsorbed caesium ion on a surface as having united with, 
or as sharing one of the ‘‘free electrons” of, the tungsten, it may seem at first 
as though these atoms should be capable of evaporating as such with relatively 
little energy change. A closer analysis, however, shows that this is not the case. 


* This method of obtaining an equation of state for adsorbed films has been applied to films 
on liquids by Langmuir, ¥. Amer. Chem. Soc. 39, 1888 (1917). 
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Let U, represent the energy associated with the ionization of a caesium 
atom in free space (i.e., the ionizing potential). Let U, be the energy required 
for the removal of an adsorbed caesium atom (or ion) in the form of an atom. 
Let U, be the energy used to remove an atom from the surface in the form of 
a positive ion, and finally let U, be the work needed to remove an electron 
from the metallic surface. We can get an atom from the surface into the free 
space either by removing it as such or by removing an electron and an ion sepa- 
rately and then allowing these to combine in the free space. Thus we find the 
relation 


U, = U,+U,—U,. (14) 


For a tungsten surface having very little caesium on it U, = 4.54; U, = 3.97 
and U, = 3.88 volts, and the equation then gives us U, = 4.63 as the energy 
involved in the evaporation of an atom as such. If U, = U, we see that U, 
= U,. Thus the energy adsorption of free atoms is determined principally 
by the electron affinity of the metal, and results from the fact that the metal 
is able to take the electron that is brought to it by the atom as one of its own 
electrons, even though this electron is shared by the atom. Of course, the elec- 
trons which are shared by a given atom may be, and probably are, continually 
changing, but the conception of shared electrons is not altered thereby. 


Concentrated Adsorbed Films of Caesium on Tungsten. — At sufficiently 
low temperatures a tungsten filament in presence of caesium vapor becomes 
completely covered with a layer of adsorbed caesium atoms (6 = 1). As the 
temperature is raised the emission increases, apparently in accord with the 
Richardson equation (equation 3), the logarithm of the electron current being 
practically a linear function of the reciprocal of the temperature. At a certain 
temperature (for each pressure of caesium) the current reaches a maximum 
and then decreases as the temperature is raised, since the adsorbed caesium 
evaporates at these higher temperatures and @ becomes much smaller than 
unity. 

The families of curves in Fig. 1 give a summary of about 220 determinations 
of the electron emission of filaments in presence of caesium vapor. The curves 
have been drawn accurately from the experimental data and may be used for 
quantitative calculations if desired. The ordinates are the common logarithms 
of I,, the electron current densities in amperes per cm*, and the abscissas 
are the reciprocals of the absolute temperatures of the filament, multiplied 
by 1000 for convenience. The temperature of the bulb which fixed the vapor 
pressure of the caesium is given in degrees Centigrade on each curve. The 
two upper curves, which appear distinctly different from the rest, were obtained 
with filaments which were completely covered by a film of oxygen ions before 
admitting the caesium vapor. The other nine curves were obtained, with pure 
tungsten filaments which had been flashed at high temperature to remove all 
impurities from the surface before the readings were taken. The caesium film 
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condensed on them, of course, when the filament temperature was lowered 
to that at which the currents were read. 

Considering now the curves obtained with the caesium adsorbed on the pure 
tungsten surface, we see that each curve consists of 3 parts:— 

I. A low-temperature region where the emission apparently follows Richard- 
son’s equation, giving a straight line descending to the right in Fig. 1. 
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Fic. 1. Electron emission from tungsten filaments in caesium vapor at various pressures. 
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II. An intermediate region where the plot in Fig. 1 is curved, the 
current reaching a maximum as the temperature is raised and then falling. 
This region may be regarded as a transition curve between the straight 
portions I and III. 

III. A high-temperature region, where the plot in Fig. 1 becomes straight 
again, but the current decreases with rising temperature. An equation of the 
Richardson type may be used to represent these lines, but the quantity 5 would 
then have a negative value. 

Fig. 1 shows that both in Regions I and II the straight lines at the various 
pressures are approximately parallel to one another. The envelope of the family 
of curves is a straight line, shown as the dashed line AB. All the curves of the 
family are, in fact, very nearly alike,* and differ principally in being displaced 
in a direction parallel to AB. These displacements are found to be proportional 
to the logarithms of the pressures of caesium. 

These conclusions may be summarized by saying that these electron emis- 
sion data are given by the equation 


log I,+M log p = f(1/T+N log p), (15) 


where M and N are constants and f denotes a function characteristic of the 
shape of the curves in Fig. 1. From the data we find that the actual values of 
M and N are 


M = —0.83; N = 4.4x 10-5 deg-}. 


The pressures of caesium vapor used in these calculations were found 
by measurements of the positive ion currents obtained with filament temper- 
atures of about 1500°K, where all the atoms that strike the filament are con- 
verted to ions. The vapor pressures obtained in this way are accurately given 
by the equation (p in bars) 

3992 


logigp = 10.65——7.— (16) 


From these considerations it may readily be seen that in Regions I and III 
the electron emission of a tungsten filament of temperature T in caesium va- 
por at a pressure p is expressible approximately by the equation 


1. = ap’ e—A/t, (17) 


where a, # and y are constants. 


The data illustrated in Fig. 1 give the following values of the constants, 
when I, is in amperes per cm? and p in bars: — 


* This is only approximate. It will be noticed that the curves for the higher pressures have 
the sharper curvature in Region II. 
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— | * | 
Caesium on Tungsten | 
Region I 6.65 x 10% +31300 —0.70 
Region III ; 8.6x 10-48 —19100 +1.66 
Caesium on Adsorbed Oxygen 
Region I 1.04 107° + 23400 — 0.62 
Region III 2.95x 10-44 | — 32200 +1.96 


According to the Clapeyron equation, the heat of evaporation may be cal- 
culated from the temperature coefficient of the vapor pressure, 6 remaining 
constant. We may generalize this and associate an energy change U,, with 
any particular phenomenon, which varies with the temperature in such a way 
that the logarithm of any measured quantity y is a linear function of the reci- 
procal of the temperature, while another quantity x (for example, the pressure) 
is held constant as the temperature is changed. Thus we define U,, by 


_ k [ology 
On cn), ae 

The electron charge e is used in the denominator in order to express U in 
the convenient form of a potential. To obtain U in volts the value of e/k may 


be taken to be 11,600° per volt. 
We can also generalize the definition of y by the relation 


dlogI, 
r= (sree a 
which is consistent with equation (17). 
In this way, by combination with equation (1), we may obtain the equation 


l—y 
U. 20 
ee (20) 





Here U,, refers to the temperature coefficient of the positive ion concen- 
tration m, near a filament, while 6 is kept constant. It is therefore the heat of 
evaporation of ions. The quantity U,, measures the temperature coefficient 
of the electron emission, while the pressure (concentration of atoms) remains 
constant. It corresponds to the value of 8 in equation (17). The quantity U, 
measures the temperature coefficient of K,, and is thus equivalent to the ionis- 
ing potential, while U,, corresponds to the temperature coefficient of the 
electron emission at constant 6, and thus measures.the heat of evaporation 
of electrons. 

The data of Fig. 1 enable us to determine U,,; we already know U,, and 
thus by equation (20) we obtain a relation between U,, and U,,; but in general 
we cannot determine these quantities separately from this equation. How- 
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ever, when y = 1 the term involving U,, drops out, so that for this case we 
obtain the actual value of U,,: — 


Un = U,—U,,. (21) 
Similarly, for the case of y = 0, the equation reduces to 
U,. = Uy. | (22) 


It should be noted that these conclusions have been reached without assum- 
ing any knowledge of the relation between I, and 6. If this relation were 
known* with sufficient accuracy for very concentrated films (6 > 0.9), we 
should be able to determine U,, and U,, separately for any value of 6. 

Since y is negative in Region I, and positive and greater than unity in Region 
III, it must pass through the values 1 and Q while in Region II. The points 
for which y = 0 are those where the curves of Fig. 1 are tangent to the enve- 
lope AB, while the points corresponding to y = 1 lie a very short distance 
to the left of the points where I, is a maximum. We thus find that for y = 0, 
U,, = —1.24 volts, which is thus the calculated heat of evaporation of the 
electrons. This value of y corresponds roughly to about 6 = 0.90. 

With y = 1.0, which occurs at about 6 = 0.87, the value of U,, is —4.3 
volts. Thus the heat of evaporation of ions from these concentrated films is 
a little greater than the value —4.0 volts, which we found for the dilute film 
by an entirely different method. The data are consistent with the assumption 
that U,, varies gradually and steadily from —4.0 to —4.3 as 6 increases from 
0 to 0.9. If we make this assumption, we may calculate U,, by equation (20) 
for all values of 6 for which we know U,,. Thus we find that U,,, the heat of 
evaporation of the electrons in Region I, is about 1.5 volts and in Region III 
(9 = 0.7) is about 1.8 volts. These data for U,, are only rough, but are in gener- 
al accord with our knowledge that the heat of evaporation of the electrons 
is greatly decreased by adsorbed caesium and must vary roughly linearly with 0. 
A thorough check of this part of the theory may require direct determinations 
of the heat of evaporation by its cooling effect. Contact potential measurements 
have been made with caesiated filaments and agree in general with these con- 
clusions, but their accuracy is not yet as high as is desired. 

For the caesium film on adsorbed oxygen, the heat of evaporation of ions 
U,,» comes out as 5.13 volts for 6 = 0.95. This is distinctly higher than that 
of ions adsorbed directly on tungsten and accounts for the much lower rate 
of evaporation of ions from the oxygen film. 

An analysis of all these data from the thermodynamic standpoint by Gibbs’ 
equation leads to the following conclusions: — 

With very: dilute caesium films (@< 0.15) the spreading force I” increases 
in proportion to 6, and in this range y increases slowly from 0 up to nearly 

* The linear relation between log I, and 8, proposed by Langmuir, is a fairly good approx- 


imation up to 6 = 0.9 or even higher, but is not sufficiently accurate for the present purpose. 
A fuller discussion will appear in the Physical Review article. 
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unity. At 6 = 0.5 to 0.8, y is approximately 1.65; so somewhere between about 
6 = 0.2 and 6 = 0.5, y must be equal to unity. At this point J’ must reach 
a maximum value and then decrease as y increases above unity. This means that 
strong attractive forces should render the film inherently unstable, and it 
should have a tendency to separate into two phases, just as has been observed 
in connection with the measurements of positive ion currents. However, in — 
taking the data illustrated in Fig. 1 (although in Region III I’ must decrease 
with rising 6), we have not observed any effects which would indicate separate 
surface phases. 

At still higher values of 6 in Region II, in the neighborhood of 6 = 0.87, 
y decreases again and passes through the value unity. Beyond this point I 
must again increase with rising 0, indicating that repulsive forces are beginning 
to come into play as the film approaches saturation. 

Finally, when @ is about 0.90, y becomes zero and then becomes negative. 
In this region the electron emission actually decreases as more caesium atoms 
become packed into the adsorbed film. 


Summary 

1. From thermodynamic considerations involving the Saha equation, there 
must be a relation between the positive ion emission from a heated filament 
in the vapour of an alkali metal and the electron emission from this surface. 

2. At high-filament temperatures and low pressures of the vapor, the 
electron emission is the same as in the absence of the vapor, so that the positive 
ion emission from different filaments in various vapors can be calculated 
Experiments with caesium and other metallic vapors, and with tungsten fila- 
ments and oxygen-coated and thorium-coated filaments, give results in accord 
with this theory. Measurements of the positive ion and electron emissions 
from tungsten filaments in caesium vapor give values for the thermal ioniza- 
tion of caesium vapour at about 1200°K in excellent agreement with the Saha 
equation. 

3. At high-filament temperatures the positive ion emission becomes limited 
by the rate at which the vapor comes into contact with the filament, all atoms 
striking the filament being converted into ions. This permits quantitative meas- 
urements of the vapor pressure to be made. The vapor pressures of caesium 
(in bars) are given by 

logio Pp = 10.65— cual 

4. At lower filament temperature the electric image force causes a fraction 0 
of the filament surface to be covered by a layer of adsorbed ions which share 
electrons with the underlying metal. The resulting double-layer causes an 
increase in electron emission and a corresponding decrease in positive ion emis- 
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sion: Electron emissions of over 0.3 ampere per cm* at 1000°K mY be obtained 
in caesium vapor at 30°C. 

5. The theory of dilute adsorbed films {0 < 0.2) is developed- aoa the equa- 
tion of state for the adsorbed film is found to correspond to the ideal gas laws. 
For more concentrated films, attractive forces draw the ions together and under 
certain conditions cause separate 2-dimensional phases to appear. 

6. The heat of evaporation of the adsorbed caesium atoms on tungsten in 
the form of ions corresponds to 4.0‘volts for dilute and 4.3 volts for concen- 
trated films. From adsorbed oxygen on tungsten the heat of evaporation of 
caesium ions is 5.1 volts. 
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ON THE SURFACE HEAT OF CHARGING 


With Lewi Tonks as co-author 
Physical Review 
Vol. XXIX, No. 4, 524, April (1927). 


ABSTRACT 


Calculation of the surface heat of charging for pure metals, for oxide coated metals and for mon- 
atomic films. — Two methods are pointed out for calculating the theoretically necessary re- 
versible heat development or absorption accompanying the charging of the surface of a con- 
ductor. One method depends on a new relation ”3:—1s3 = kT In (A,/A,)+eP,, between the 
surface heats, 7,, of the two surfaces, the A’s of electron emission equations of the type i = 
= AT*¢~/T and the Peltier heat at the interface between the conductors. The other method 
consists of a comparison of the cooling effect of electron emission and the latent heat calcu- 
lated from the temperature variation of emission. Experimental evidence points to 7, =0 
(nearly), A = 60.2 amps/cm* deg* (nearly) for all pure metals. Oxide coated filaments present 
a difficulty. For monatomic films the first method gives appreciable values of 7, and experi- 
mental data for use in the second method is lacking. 

Stopping potentials of Na, K and Li yield further evidence that 7, is very small for all pure 
metals, The relation between surface heat of charging and certain assumptions fundamental to 
electron emission theory is discussed. 


I. Existence of a Surface Heat of Charging 


THERE have long been grounds for believing that charging the surface of a con- 
ductor with electricity involves a reversible development of heat. By thermo- 
dynamical reasoning the quantity of heat may be estimated as of the order 
of the contact difference of potential times surface charge. Although by its 
smallness it has eluded experimental observation, such a surface heat of charg- 
ing is required theoretically,. By thermodynamical reasoning Kelvin showed 
that 

dV_,/d in T = Pyt : (1) 


where’ V, is the contact difference of potential between two’ conductors, 1 
and 2, T is the absolute temperature of the system, and P,; is the heat absorbed 
by a unit of electricity in passing from the surface of 2 through the conductors 
and across the interface to the surface of 1. V2, is positive when the potential 
just outside of 1 is higher than that just outside of 2. P,i has frequently been 
identified with the Peltier heat, P,,. With that interpretation, Eq. (1) fails expe- 
rimentally even in order of magnitude. Kelvin, himself, postulated a surface 


1 Bridgman, Phys. Rev. 14, 306 (1919).: 
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heat of charging to eliminate the discrepancy. Thus, denoting the heat ab- 
sorbed when the surface of 1 is given an elementary positive charge by 7,,, 
Kelvin’s relation becomes 


aV,,/d1n T = Pa + (n2—Na)/e (2) 
where ¢€ = —4.77X10- e.8.u. 


II. Calculation of the Heat of Charging 
for Pure Metal Surfaces 


From Boltzmann’s equation and the perfect gas laws Richardson first 
showed that 
eVy, = RT In (4/t,) (3) 
where k is the Boltzmann constant and 1, and 3, are the respective current den- 
sities of the emission from the surfaces of 2 and 1 under equilibrium condi- 
tions, that is, when all the electrons return to the surface. It seems most un- 
likely, however, that drawing off the whole emission current should appreciably 
affect the emission if we accept the electric image force point of view regard- 
ing the work function.? Eq. (3) gives an easy method for measuring the con- 
tact difference of potential, the direct measurement of which is difficult. This 
value of V,, may now be substituted in Eq. (2) giving 


Fp tee = [7 (| ) 


In many cases the electron emission data from a surface 1, can be accurately 
expressed by a law of the form 

#, = A, T% e-4./F (5) 
where Aj and 5, are constants determined by the data after the constant a, 
has been chosen. But there is quite a range in the values of this constant which 
fit the data well. Substituting Eq. (5) and a similar one for surface 2 in Eq. (4) 
we find 








Py Has k A, 
Fu 5 Marta — * lig AB (oq —a,) (1+ In 7) (6) 


The form of Eq. -(4) shows that any law of the type of Eq. (5) which repro- 
duces the value of i and its first derivative at any temperatures gives the cor- 
rect value to the left member of Eq. (6) at those temperatures. 

N ow, since the choice of a, and a, is not critical in accurately representing 
the data over wide temperature ranges, and since in most cases a value of 2 for 
these constants fits the experimental results well and has some theoretical basis, 
we may take them each equal to 2 and thus get 


Na—Na = RT In (A,/A;)+€Pa (7) 


* W. Schottky, Jahrb. der Radioaktivitat u. Elektronik, 12, 204 (1915). 
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where A, and A, are written for the case a, = a, = 2. To estimate the differ- 
ence between the surface heats for two surfaces, the terms of the right member 
must be calculated roughly. We can do this for some pure metal surfaces. Py, 
can be found from thermoelectric data, but unfortunately such data are lack- 
ing for the well-known metallic emitters. There is, however, no reason to 
think that the Peltier heat is materially different from that for platinum against 
iridium for which data are available. Roughly extrapolating their thermoelectric 
power,’ dE/dT, to 2500°K, it is found that dE/dT = P/T = 3 x 10 volts/deg. 
giving P,, a value of 0.075 volt. The values of A for the pure surfaces of the 
metals tungsten, molybdenum, tantalum‘ and thorium’ are known to within 
15 to 50 per cent and A, (60.2 amps/cm? deg’) is a possible value for each. Hence, 
for these metals, and perhaps for pure metals in general, we may put 1/1.5 
< A,/A,< 1.5 so that (Rk7/e) In (A,/A,)< (2500/11,600) x 0.4 = 0.086 volt 
in absolute value. It follows then that the absolute value of 7,,—1,. is less than 
0.16 volt at 2500°K. It thus appears that the surface heats of charging of all 
_ pure metals do not differ from each other by more than a few percent of their 
work functions. 

There is another method for evaluating 7,. Bridgman? has pointed out that 
three latent heats are involved in electron emission. First there is the latent 
heat of vaporization, 7, which is absorbed when an electron evaporates from 
an isolated body into an electron atmosphere maintained at constant pressure. 
The body is left with the corresponding elementary positive charge. This quan- 
tity appears in the Clapeyron Equation (see below) applied to electron emis- 
sion. Second, if everything is the same as above except that an electron flows 
into the body through a conductor when an electron evaporates, so that the 
surface charge remains constant during the process, then the latent heat of 
vaporization is denoted by 7,. This is the case in all electron emission experi- 
ments and 7, can be determined from the cooling effect of the electron emis- 
sion. Third, if the body be simply given an elementary positive charge, the 
latent surface heat of charging, 7,, is absorbed from the surroundings. 

It is easily seen that the second and third processes performed in succes- 
sion are equivalent to the first, so that 


n= Nt (8) 
and 7, can be found as the difference of 7 and »,. 
Since n, applies to the evaporation of electrons under reversible conditions, 
and the cooling effect is always measured under irreversible conditions, these 
quantities are not identical. A simple analysis shows how they are related. 


When an electron evaporates reversibly into an electron atmosphere main- 
tained at constant pressure, there are three modes of heat absorption. First, 


* Smithsonian Physical Tables, 6th ed., Table 300. 


* Dushman, Rowe, Ewald and Kidner, Phys. Rev. 25, 338 (1925). 
* C. Zwikker, Proc. Roy. Acad. Sci. Amst. 29, 792 (1926). 
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there is the energy to free the electron at the temperature of the experiment 
which may be called 7 ,. Second, 3k7/2 (on the average) is required to give 
the electron the proper kinetic energy and, third, kT is absorbed by a layer of 
the electron gas located roughly at the distance of the mean free path length 
from the emitting surface. This is the heat that is converted into the potential 
energy pdv of expansion. 

Under experimental conditions, however, the electrons do not evaporate 
reversibly, so the energy absorptions may be different. First, the smallness 
of the Schottky effect shows that 7,, is not changed appreciably when small 
fiel ds are used. Second, the kinetic energy carried away by each electron is 
2kT (on the average). This is also true, of course, under reversible conditions, 
but then the faster electrons return to the surface more quickly leaving the 
aver age energy of those which remain in the space 3k7/2. Third, the electrons 
evaporate into a space devoid of pressure so that no heat is absorbed in increas- 
ing the electron gas volume. 

Thus it appears that the measured cooling effect is 

Ne = Ner + 2RT+0 
whereas the reversible cooling effect is 
Me = Nex + SRT/Z+RT 
leading to 
Ne = Ne+RT|2 9) 

Then 7 can be found from the temperature variation of the electron emis- 
sion. The relation is deducible directly from fundamental principles. Cla- 
Bae bees s Equation applied to electron evaporation gives 

n[kT*? = dinp/dT 
where p is the pressure of the electron gas. From kinetic theory p/T1/? ¢ is a con- 
stant independent of T. Making the indicated substitution and noting that 
dT/T? = > —d(I [T) we have, in terms of measurable quantities 
ine din (¢T¥/?) 
ee aigy 
Sin ce, however, emission data are usually plotted in the form In(z/7*) against 
1/T it is worth while to subtract the identity 
(5/2) kT = —kdln T*!2/d(1/T) 
from this equation, obtaining* 
—(5/2kT) = —kdln (i/T*)/d (1/7) (10) 
The derivative in the right member is recognized as the ‘‘constant’” —b of 
Eq. (5). where a = 2. It is to be emphasized, however, that the present deri- 
vation puts no requirement on that derivative. This derivation is independent 


* The simplest procedure is to plot In i against 1/7; then Eq. (12) becomes 9, = hb” —n,- 
where 5” is the slope of that curve. 
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of any assumption regarding the peculiar emitting properties of the surface 
and is valid whether or not Eq. (5) is valid. For convenience, and at the same 
time to distinguish between the derivative in Eq. (10) and 5, we shall enote 
the derivative by —b’, so that 


n= kb! + (SRT/2) : (11) 
Now, combining Eqs. (9) and (11) in accordance with Eq. (10) we find 
= Rb'—not2kT : (12) 


Davisson and Germer’ have measured both kb’/e and n,/e for the same tung- 
sten wire. They found the former to be —4.48 v. and the latter —4.91 v. For 
T = 2270°K 2kT/e = —0.391 v., so that —n,/e = 4.48—4.91+0.39 = —0.04 v. 
This value is less than the probable error of the measurements. Thus 
the surface heat of charging of tungsten is at most very small. We have already 
given the evidence that the surface heats for pure metals differ by amounts 
small compared to the work functions. It follows, therefore, that the surface 
heat of charging for all pure metals is probably but a small fraction of the work 
function. . . 
Ill. The Heat of Charging of Other Surfaces 
All the theoretical results obtained so far are directly applicable to surfaces 
bearing thin films of thorium, caesium, other alkali metals, etc., with the simpli- 
fication that the Peltier heat can be eliminated if the-junction of two. metals 
be avoided by using the pure surface of the metal opposite the film-bearing 
surface. No measurements on the cooling effect of the evaporation of electrons 
from such a film are available so that only the difference of two surface heats 
can be calculated using Eq. (7). But in accordance with our conclusion’ regar- 
ding the magnitude of the surface heat of charging for pure metals we shall 
assume that. for tungsten it is zero. Then, for a film, F, on acai Eq: 7) 
reduces to _ sada 
narle =-(kle)T In (Ay/Ay) 13) 
This: may be immediately applied to the following thermionic emission con- 
stants for the complete surface films listed with the results given in: the last 





Type of -| Mean temp. of — a alee 
_ surface observations | cas 
Th on W* 1500°K 3 -. |. 30500° = { --0.39 v. 
Cc on O on W® , 650°K 0.001 . 8,300° | 70.62 v. 
O on W® 1600°K 5x 104 | 107,000° | "42: 92 v. 








7 Davisseon and Germer, Phys. Rev. 20, 3b0 (1922)." For oe with their notation 
kb’ = @,. 
8 From data to be published shorty by 8. Disslaiian: Valons of A sit dora guilt! ate 
7 and 31,200 respectively, giving —0.28 v. for —n,/e. ae shan dase 
® K.H. Kingdon, Phys. Rev. 24, 510 (1924). -: ~- 
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column. This contains the calculated surface heat in volts at the temperature 
given in column 2. The signs show that charging the surface positive is atten- 
ded by the evolution of heat in the case of Th on W, for example, and by the 
absorption of heat in the case of O on W. The values for the surface heats cal- 
culated here are large enough to insure decisive results from cooling effect 
experiments performed on emitters of these types. 

Another class of surfaces to be considered are those of the coated type. Here 
the coating is more than a surface, it constitutes a layer many molecules deep. 
Accordingly the cooling effect includes a Peltier heat, so that 


4 = Nor + 2RT + €P ric (14) 


Me = "er + (5RT/2) 


Now 


as before, whence 
- Ne = Net (RT2)—ePrg 
giving 
he = 1— Ng = hb’ —.+2kT + €Pic (15) 
by use of Eq. (11). Experiments by Davisson and Germer’® show that kb’—n, 
+2kT = 0. Apparently, then, for the oxide coating 
1c = €Pric (16) 
This result leads to the expectation that A, = A, within 3.7-fold where 
A, is the A for the coated surface. For, taking surface 2 in Eq. (7) as pure tung- 
sten and surface 1 as the oxide coating we have 
No—Nw = kT In(A-/Ay) + €(Pwort Prec) 
which, using Eq. (16), reduces to 
kT In(A,/Ay) = —€Pwo—nw (17) 
From the Pt—Ir data again, dE/dT is 2x 10-* v./deg. at 1064°K, one of the 
standard temperatures used by Davisson and Germer. The Peltier term may 
therefore amount to 1064x2x10-* = 0.02 volt. Assuming 7,, to be pro- 
portional to temperature and to involve a possible error of 100 per cent, it may 
still have a value of 0.04 volt at 1064°K. The result of the coated filament exper- 
iment expressed by Eq. (16) is probably good to 0.04 volt. Adding these pos- 
sible discrepancies, multiplying by e/kT = 11,600/1064, taking the antiloga- 
rithm, and adding 25 per cent to allow for the uncertainty in Ay = A, we obtain 
the factor 3.7 as noted above. 
Estimating further that the error in determining A, may amount to 70 
per cent we find finally, that 
A, (meas.) = A, within a factor of 6.3. (18) 


Calculation from the experimental data readily gives A, (meas.) = 0.8. Even 
6.3 times this is 12 times to small. Here is a direct contradiction. 


4° Davisson and Germer, Phys. Rev. 24, 666 (1924). 
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But an escape lies perhaps in supposing that only a. small fraction of the 
filament surface is active. On the point of view that the coating is of porous 
structure and that the emission comes from patches where metal atoms pre- 
dominate in the surface layer, that hypothesis is not unreasonable though not 
without difficulties. It would seem, however, that the active patches must 
be of such a size, that they are separated by distances greater than about 10-* cm, 
the thickness of the region in which the electric image force is active in deter- 
mining the escape of electrons. If the separation were less than this, thermo- 
dynamics would not recognize the surface as discontinuous, and the A calcu- 
lated from the data would have to stand. This limitation fixes a lower limit 
to the average number of atoms in each patch. 

The above difficulty leads to the question whether similar conclusions may 
have to be drawn for the monatomic surface films first discussed. It is known, 
however, that these films, when ‘‘complete”, contain the proper number of 
atoms to cover the surface one deep. In these cases, then, such an explanation 
would be untenable and the difficulty if it should arise would be a serious one, 
indeed. 


IV. Stopping Potentials and the Heat of Charging 


Further light is thrown on the value of A for pure metals, and therefore 
on surface heats of charging by some stopping potential experiments of Mil- 
likan." He cites the equation 

—€Vq, = A(%_—%1)—Vi+V, 
where », is the threshold frequency for the emission of photoelectrons, V 
a stopping potential, and A Planck’s constant. Experimentally he has found 
that the stopping potentials for clean surfaces of Na, K and Li in vacuum 
are identical. For these metals, then, 


—€Vq, = A(%—q—%1) (19) 
Now assuming emission equations of the type t = AT*e~*? for substitution 
in Eq. (3), we have 
eV,, = kT 1n(A,/A,)+h(5,—4,); (20) 
It is reasonable to identify hy, with yo, 7, being the value of 7 at 0°K. In accor- 
dance with conclusions 1 and 2 below, 7, = kb. Substituting this and com- 
paring with Eq. (19) we find 
kT In(A,/A,) = 0 
and 
Aya = Ay = Ay 
which is in accordance with the idea that A = Ag, nearly, for all pure metals, 
and that 7, is small. 


1) Millikan, Phys. Rev. 18, 236 (1921). 
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V. The Heat of Charging and Fundamental Assumptions 


The theoretical result expressed in Eq. (7) is quite in accord with certain 
conclusions of Bridgman” regarding, particularly, the significance of the value 
of A in the electron emission equation. 

$= AT*e—*/, 


He denotes the specific heat of neutral atoms in the emitting surface which 
are associated with a single emitted electron by C,,, and the specific heat of 
the positively charged atoms left when the electron evaporates by C,,. Sum- 
marizing his conclusions and writing AC for C,,—C,,, we have: 

(1) A = A, = 60.2 amps./cm* deg*, Dushman’s value, and 5b = n/k 
if (a) the entropy of the positively charged atoms left when an electron evapor- 
ates is zero at O°K and (b) AC = 0. 

(2) A= A’ #£A, and b = y/k if (a) the entropy of the charged atoms is 
not zero at 0°K and (b) AC = 0. | 

(3) A is a function of T and 6 #7n,/k if AC #0. 

(4) None of these possibilities is incompatible with the existence of a sur- 
face heat of charging since it is only necessary that 


AC = —eo—Td(n,|T)/dT (21) 


where a is the specific heat of electricity in the metal. Let us confine ourselves 
to first order effects and consider the following practical cases (a) A, = Ay, 
the case of pure metal surfaces. We have shown in this case that n, = 0 [Eq. (7) 
and conclusions from data on pure tungsten] so that AC = 0 by Eq. (21). 
This case thus approximates to conclusion 1. — 

(b) A, = A’ + A, but is constant, the case of surface films. Eq. (7) shows 
that 7,/T is a constant so that again AC = 0. This case thus approximates to 
conclusion 2, but in addition our results show that a constant A which is not 
equal to Ay, a charged surface entropy different from zero at 0°K, and a sur- 
face heat proportional to temperature are three aspects of one phenomenon. 

It is noteworthy, perhaps, that so far as the writers are aware all surface 
films which maintain a constant structure have a constant value for A. On this 
basis we must exclude from consideration all experiments in which the emis- 
sion is not reproducible or in which the surface film is subject to a rapidly estab- 
lished equilibrium which is variable with temperature. This -happens, for 
instance, with adsorbed films of alkali metals on ice unless special precau- 
tions are taken. 


12 Bridgman, Phys. Rev. 27, 173 (1926). 
18 Dushman, Phys. Rev. 21, 623 (1923). 
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ABsTRACT. Measurements have been made of the contact potential differences between a clean 
unheated tungsten filament, and the same filament coated with an adsorbed film of thorium, 
caesium, oxygen, or a mixture of caesium and oxygen. The method used is well adapted to prevent 
accidental contamination of the filament surfaces. The values found for the contact potentials 
between cold surfaces are 


Cs-O-W—W 3.1 volts 
Cs-W—W 2.8 
Th-W—W 1.46 
W—OW 0.8 


The surface on the left is positive to that on the right. These values of contact potential do 
not agree with those calculated from the thermionic emission contants. An example is given 
of the application of the method to the measurement of the changes in work function 
produced by heating a tungsten filament to various temperatures in presence of, caesium vapor, 
thus changing the amount of adsorbed caesium. 

THE MEASUREMENT of the contact potential difference between two metallic 
surfaces has been a subject which has attracted the attention of experimenters 
for many years. Unfortunately the values obtained have been most inconsistent, 
chiefly on account of the great difficulty of keeping metal surfaces free from 
contaminating films. The great amount of experimental work with thermionic 
tubes during the last fifteen years has emphasized the difficulty of keeping hot 
filaments free from surface contamination. When the surfaces used are cold, 
as is usually the case in contact potential measurements, this difficulty is en- 
hanced. ‘ 

With this in mind we have made our contact potential measurements be- 
tween filamentary electrodes, which can be easily ‘cleaned by heating. Moreover, 
by working with adsorbed films, the surface of a single filament can be brought 
into different states, and the contact potential differences between these states 
determined. This makes the experimental tube very simple, so that good vacuum 
conditions are easily maintained, | 

The experimental method is illustrated i in Fig. 1. The tube contains two 
cylinders c, g, and two loop filaments a, b. One of these filaments 5, usually 
of thoriated tungsten, is maintained at a definite temperature and state of acti- 
‘yation, and serves as a standard source of electrons. Cylinder g is fixed at a suit- 
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able negative potential with respect to 5, so that no electrons can leave the part 
of b which is inside g. This serves to eliminate all effects occurring at the ends 
of the filaments, where conditions are not definite. Cylinder c, is fixed at about 
the same potential as the part of 5 which is inside c. Electrons can flow therefore 
from b to c or a. The surface of filament a is then put in some definite condition 
(for example, a complete film of thorium is formed on it!), and a characteristic 
is taken of the electron flow from 5 to a (i,,) as a function of the potential of 
a with respect to 6 (V,,). The surface of a is then changed (for example, by 
heating to a high enough temperature to drive the thorium completely off) 
and another characteristic taken of 1,, as a function of V,,. The voltage dis- 
placement of these two characteristics from one another then measures the 
contact potential difference between the two states of the surface of a. 

An alternative procedure is to find the values of V,, for the two states of a, 
which are required to give the same value of 1,, (say 10-* amp.) The difference 
between these two values of V,, gives the contact potential. It is advisable, 





Fic. 1. Arrangement of filaments and cylinders. 


however, to take the complete characteristics at first over a considerable voltage 
range, as lack of parallelism of the two characteristics is an indication of some 
wrong experimental condition. 

Some necessary points in the experimental technique are as follows: — 

(1) The vacuum must be good. The tube was immersed in liquid air during 
the measurements. 

(2) If an alkali metal is present in the tube care must be taken to distill 
the metal from the surfaces of g and c, so that photoelectric currents caused 
by the light from the filaments will not vitiate the results. This distillation 
is conveniently done by warming the cylinders by radiation from one of the 
filaments after immersing the tube in liquid air. 

(3) It is important to remove all easily volatile impurities from ¢c and g even 
though the radiation from 5 does not cause appreciable photo-emission. If 
this has not been done, then when a is heated to change its surface condition, 
c is also heated enough to change its surface condition and a change in the 
electric field due to c ensues. 


+ Langmuir, Phys. Rev. 22, 357 (1923). 
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(4) Cylinder c must be negative to a so that secondary emission from a to 
¢ cannot occur. 

(5) If very fine filaments (0.0025 cm diameter) are used the positions of 
the ends of the loops may change in an erratic manner when the filaments are 
heated to a high temperature. This change, of course, spoils the measurements. 

The measurements to be described? were made with two tubes — numbers 
156 and 502. 

In tube 156 cylinders c and g (Fig. 1) were of tungsten wire spirals, the 
idea being to insure that the caesium vapor pressure (for other experiments) 
inside the cylinders should be the same as that determined by the temperature 
of the bulb wall. Filaments a and 6 were of thoriated tungsten wire 0.0102 cm 
diameter, each containing 12.7 cm of wire. The area of the part of each filament 
inside c was 0.11 cm*. The tube contained caesium. It was used on the pump 
and was immersed in liquid air during the measurements. 

Tube 502 contained three filament loops — a and d were of thoriated tung- 
sten wire (0.0102 cm diameter), and 5 was of pure tungsten (0.0051 cm dia- 





meter). The cylinders c and g were made of nickel sheet. This tube was used 
on the pump, so that oxygen could be admitted. It was immersed in liquid air 
during measurements. 
Measurements of the contact potential between tungsten and thoriated 
tungsten were made with tube 156. Filament 5 was thoriated and run at 1730°K 
* These measurements were made from two to four years ago. They are incomplete, and 
publication was delayed in the hope of doing further work. As opportunity for this has not 


occurred yet, it seems worthwhile to publish a description of the method and of the results 
obtained to date. . 
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as the standard source of electrons. The total potential drop over b was 5.5 volts, 
and that over the part of b inside c was 1.5 volts. The potential of the part of 
b inside c therefore ranged from +-2.0 to 3.5 volts with respect to the negative 
end of b. The potential of c was +1.5 with respect to the negative end of }, 
so that c was negative to all parts of 5 inside it (apart from contact differences 
of potential). Therefore since the area of c was very large compared with that 
of a, the total field accelerating electrons away from b was small, even when 











Fic. 3. 


a was 10 volts positive to b (negative end). As a result, the space charge limited 
current to a is proportional to the 5/2 power of the effective voltage accelerating 
electrons away from 4. Accordingly in Fig. 2 we plot (i,,)*5 as a function of 
V., in order to obtain a linear plot. Such characteristics were taken first with 
the surface of a completely coated with thorium, and then with the thorium 
removed. The other conditions were E, = —22.5, E, = +1.5, both with respect 
to the negative end of 5. The two lines in Fig. 2 are parallel throughout their 
course and displaced from each other by 1.46 volts. This then is the contact 
potential difference between cold tungsten and thoriated tungsten surfaces, 
the ThW being positive to the W surface. The fact that the lines are parallel 
over the entire voltage range gives is confidence in the result. The same value 
for this contact potential difference was also obtained with tube 502. 

Tube 502 was used chiefly to make measurements of the contact potential 
between tungsten surfaces, clean, or coated with oxygen, caesium, or both. 
Filament d was used as a thoriated electron source, while filament 5 was coated 
with various films. Filament a was heated to drive caesium off cylinders ¢ and 
g before the measurements were started. Usually complete characteristics were 
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not taken, but the potential of 5 necessary to take a certain electron current 
from d was found. 

The measurements which were considered to have been made under satis- 
factory experimental conditions are listed in Fig. 3. The various kinds of sur- 
faces are listed in separate columns, and the double arrow indicates between 
which pair of surfaces the measurement of contact potential difference (4V) 
was made. The values of 4V in parentheses were obtained by subtracting the. 
two preceding values. The cylinder potential V, is given in the last column. 
V, was kept at —22 volts throughout. The surfaces at the left of the table are 
positive to those at the right. ) | 

The method of preparation of the surface was as follows. The W surface 
was of course prepared by flashing filament 5 for a short time at a high tempera- 
ture. This cleaning was always done before depositing an adsorbed layer. The 
OW surface was prepared by letting oxygen come in contact with the cleaned, 
cold filament, the tube being immersed in liquid air to prevent rapid oxidation 
of the caesium in the tube. The CsW surface was similarly prepared by letting 
caesium vapor deposit on the cleaned, cold filament, the tube being subsequently 
immersed in liquid air. For the CsOW (unactivated) surface, an oxygen layer 
was first formed on the cleaned filament, sometimes by adsorption with the 
filament cold, and sometimes by heating the filament for 1 sec at about 2000°K 
in a low pressure of oxygen (a few baryes). Caesium was then allowed to deposit 
on this surface. A surface prepared in this way is not an active thermionic elec- 
tron emitter. To obtain large emissions it is necessary first to activate the fila- 
ment by heating for a few seconds at 1600 to 1800°K. The CsOW (activated) 
surfaces were prepared in this way. 

Suppose we started with a CsOW (unactivated) surface, as in 1810 (1,2 of 
Fig. 3, and measured the potential (V,,) of b necessary to draw a certain elec- 
tron current (1,,) from d. Filament 5 was then heated hot enough (up to 1600°K) 
to drive off all the caesium, but not to remove any large amount of oxygen. . 
V4 was then again determined for the same value of i. The difference between 
the values of V,, then gave the contact potential difference between CsOW 
(unactivated) and OW (activated), since the heating to 1600°K was considered 
to have put the oxygen layer in nearly the same condition as that in an activated 
CsOW surface. The oxygen layer was then distilled off by heating to 2500 to 
2800°K for a few seconds, giving a determination of the contact potential differ- 
ence between OW (activated) and W. The procedure in the other cases of 
Fig. 3 was analogous. 

The average values of contact potential taken from all the data are: — 

CsOW-W:3.1 volts ThW-W:1.46 volts 
CsW-W:2.8 W-0OW:0.8 
In each case the surface on the left is positive to the one on the right. Most 
confidence is felt in the ThW-W result. The others should be regarded as pro- 
visional values, although no reason is known for suspecting serious error. 
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It will be noticed from Fig. 3 that the data are not accurate enough to distin- 
guish between the different types of OW surfaces investigated. It is more sur- 
prising that there is also no distinction between activated and unactivated CsOW 
surfaces, as there is a large difference (of the order 10° fold) between the elec- 
tron emissions from these surfaces. 

The contact potential differences are connected with the thermionic emis- 
sion constants for the various surfaces by the relation‘ 


AV = 9,—% +(T/11,600) In (A,/A,) (1) 


where ¢, and q, are the work functions of the two surfaces, expressed in volts 
and A, and A, are the values of the A constant of the thermionic emission 
equation. The values of these constants are given in Table I, together with 
the temperature range over which the measurements on which the constants 
are based were made. 





Taste I 
Thermionic Constants of Various Surfaces 
b ® A | ‘Temp. 
Surface degrees volts | amp/cm*T* range °K 
CsOW* 8300 0.71 0.003 600— 700 
Thw* 30,500 2.63 3.0 1150— 1600 
w 52,600 4.52 | 60 1900— 2300 
Ow® 107,000 9.23 | 5x10" 1500— 1700 


In Table II are shown the observed values of contact potential between 
various surfaces, together with the values calculated from Eq. (1) using the 
data of Table I. The contact potentials have been calculated for a temperature 
of 300°K in (1), since the filaments were not heated. 

Tasie II 
Calculated and Observed Values of the Contact Potential 
for Various Surfaces 


Surfaces | AV (calc.) | AV (obe.) 
Thw—W 1.81 1.46 
CsOW—W 3.55 3.1 
W-—oOw 4.12 0.8 








The agreement is not good. In no case was there any indication of a con- 
tact potential difference of 4 volts between tungsten and oxidized tungsten. 
It is believed that the differences between the observed and calculated values 


* Kingdon, Phys. Rev. 24, 510 (1924). 

* Richardson, Efnission of Electrity from Hot Bodies (1921) p. 41. 
* Kingdon, Phys. Rev. 24, 510 (1924). 

* Dushman and Ewald, Phys. Rev. 29, 857 (1927). 

* Dushman, Phys. Rev. 21, 623 (1923); 25, 338 (1925). 
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are well outside the experimental error in the contact potential measurements 
for the ThW-W and W-OW combinations. However it may not be justifiable 
to use electron emission constants determined at elevated temperatures to cal- 
culate contact potential differences between surfaces at room temperature. 
An attempt was made to measure contact potentials between hot surfaces, but 
the work was not completed. . 

In another experiment measurements were made of the changes in contact 
potential and electron emission when the temperature of a tungsten filament 
was varied, thereby changing the amount of caesium adsorbed on its surface. 
The experimental tube was similar to those described above, and had two 
filaments 15 cm long and 0.0102 cm diameter. One filament was of thoriated 
tungsten, and the other of pure tungsten. The area of that part of each of the 
filaments inside cylinder C (Fig. 1) was 0.30 cm*. The thoriated filament was 
activated, and held at a constant temperature as the source of electrons. The 
caesium in the tube was kept at room temperature. Cylinder C was kept at 
—1.3 volts with respect to the negative ends of the filaments during the contact 
potential measurements, 

The tungsten filament was heated to the temperatures. shown in the first 
column of Table III. These temperatures are those calculated from the heat- 
ing currents, and are subject to two large sources of error — cooling by the 
leads, and heating by radiation from the other filament. From rough calcula- 
tions it appeared that these errors, although of the order of 100° at the lowest 
temperatures, approximately compensated each other. in the center part of 
the filament, so that the original temperatures as determined from the heating 
current have been retained in the table. 








Tasie III 

T | tod; | Vy | AV | A Q Q | b lcale 
°K Ha volts volts volts volts. degrées Ha 
542 | 0.87 0.13 — 0.565 —0.50 [1.38] [16,000] | [0.87] 
607 7.39 0.21 —0.520 —0.42 1.46 16,930 5.2 
645 7.80 0.26 — 0.465 —0.33 1.55 17,980 6.2 
678 | 5.80 0.31 —0.395 —0.24 1.64 19,020 5.4 
741 1.83 0.42 —0.190 +0.02 1.90 22,030 1.3 
794 0.41 0.55 0.000 0.27 2.15 24,950 0.29 
846 0.10 0.68 +0.190 0.53 2.41 27,950 0.063 
891 0.027 0.83 0.330 0.74 2.62 30,400 0.023 


The electron emission from the caesiated filament is given in the column head- 
ed i,,, (cylinder C was of course made positive for the emission measurement). 
The emission at first rose as the temperature was raised, but decreased at the 
higher temperatures, since some of the caesium coating had been driven off. 
At each temperature the rates of adsorption and evaporation of caesium were 
in equilibrium. V, denotes the voltage drop over the caesiated filament due 


20 Langmuir Memorial Volumes III 
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to the heating current. At each filament temperature the voltage 4V was deter- 
mined at which the caesiated filament must be held with respect to the thoria- 
ted filament in order that the former should receive 0.5 ya electron current 
from the latter. This current flow was also affected by the potential drop over 
the caesiated filament, and in order to correct approximately for this, 1/2 V, 
was added to AV, the sum being given in the column headed 4g. These values 
of 4p then show the changes in the work function as the amount of caesium 
on the surface was varied, but do not fix its absolute value at any point. If the 
filament had been heated hot enough to keep its surface free of caesium, and 
thus fix g from the value for tungsten, other complicating effects would have 
been introduced. The only available method for fixing the scale of g was from 
the observed electron emission, using the emission equation 

$= 60T%e-F amps. per cm!. (2) 
From this we find that at the 542°K point b = 16,000° and hence g = 1.38 
volts. The other values of 5 and given in Table III were determined from 
this base value and the values of 4p. The last column of the table gives values 
of the emission from the caesiated filament calculated from Eq. (2) and the 
values of gy. The observed and calculated values of the emission agree fairly 
well. 

Too much emphasis must not be placed on this agreement for the follow- 
ing reasons: — (1) the uncertainty in the temperature scale caused by lead 
cooling and radiation from the thoriated filament, (2) the approximate nature 
of the correction to AV involving V,, and (3) the fact that the constant 60 in 
Eq. (2) is not correct for most adsorbed films. These inaccuracies are not in- 
herent in the method, but could be overcome by changes in the construction 
of the tube so as to reduce the error in filament temperature; and by changes 
in the experimental procedure, so as to eliminate or correct for the effect of 
V,, and to enable a direct calibration of the scale of y to be made from the value 
for pure tungsten. 
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ELECTROCHEMICAL INTERACTIONS OF TUNGSTEN, 
THORIUM, CAESIUM, AND OXYGEN” 


Industrial and Engineering Chemistry 
Vol. XXII, No. 4, 390, April (1930). 


THE ATOMIC theory of electricity, in the form of the electron theory, has done 
much to make Faraday’s laws of electrochemical action seem obvious to us. 
The Laue-Bragg methods of determining the arrangement of atoms in crystals 
by using x-rays have proved that even in solid rock salt there are no molecules 
of NaCl, but the crystal consists of a space lattice of Na+ and Cl- ions, and the 
electric attractions between the ions account for the cohesive and elastic pro- 
perties of the solid. We see that the salt dissolves in water primarily because the 
attractive force between the ions is decreased greatly in a medium of such high 
dielectric constant. Thus the electrolytic dissociation theory also becomes obvious. 

In a state of thermal equilibrium, at any temperature T, the molecules in a gas 
are moving with velocities obeying probability laws, giving a Maxwell’s distri- 
bution of velocities. In a field of force, such as a gravitational or electric field, 
the molecules or ions vary in concentration in accordance with Boltzmann’s law 


m,|n, = exp (W/RT) (1) 
Note—The symbol exp(x) has the same meaning as e*. 


where W is the work that must be expended in transferring a molecule or ion 
from a region 1 to a region 2, while n, and m, are the concentrations in these 
two regions; k is the Boltzmann constant 1.37 x 10-"* erg. deg.—1 If we are deal- 
ing with ions having charges e, W becomes equal to Ve, where V is the electric 
potential difference between 2 and 1. 

The Nernst equation giving the electromotive force of concentration cells, 
or between electrodes having certain hypothetical solution pressures, is obtained 
by merely equating the logarithms of both sides of the Boltzmann equation. 

The greatest recent advance in our understanding of electrochemical pheno- 
mena has resulted from the work of Debye and Hiickel (3). They conceived 
the idea of using the Boltzmann equation together with the Poisson equat ion 
(which deals with the potentials set up by space charges) to calculate the ex tent 
to which positive ions would tend to gather around negative ions, and v ice 


1 Received February 14, 1930. 
® Chandler Lecture for 1929. 
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versa. This made it possible to understand even quantitatively the numerous 
discrepancies that had previously been found between observations and the 
older theories of electrolytic dissociation. 

All these electrochemical laws have to do primarily with equilibrium con- 
ditions and are subject to thermodynamic treatment. Not much light can be 
thrown on the mechanism of electrochemical reactions by these theories. For 
this purpose the kinetics must be studied. Debye and Hiickel in their second 
paper (4) made a notable contribution in this field by their analysis of the prob- 
lem of the mobility of ions involving the rate at which the redistribution of 
charges around a moving ion took place. 

Some of the most important electrochemical phenomena, such as passivity 
and overvoltage, are very imperfectly understood. These phenomena involve 
conditions which do not correspond to equilibrium. We need more detailed 
knowledge of the factors which determine the velocity of surface reactions; 
the rates of formation of adsorbed films; the rates at which electrons can pass 
from a metal through a layer of adsorbed atoms to interact with atoms or ions 
in the solution, or the rates at which positive ions can pass from the metal to 
the solution. The electric forces at the surface naturally play an essential part 
in these processes. 

I have made no direct experimental study of these electrochemical pheno- 
mena, but some of the work that I have done during the last fifteen years on 
reactions of heated filaments of tungsten or other materials with gases at low 
pressures seems to throw light on the mechanism of many surface actions which 
should be applicable to the study of electrochemical phenomena. This is espe- 
cially true of our studies of electron emission and positive-ion emission and 
of the changes in these that are caused by absorbed films of atomic thickness. 
We have studied films of oxygen, thorium, caesium, barium, etc., on tungsten; 
and composite or double films such as monatomic films of caesium firmly 
glued to a tungsten surface by an intermediate monatomic film of oxygen. 
Such phenomena are essentially within the field of electrochemistry, although 
electrochemists have usually confined their studies to phenomena of electro- 
lytic solutions. I shall attempt to give a brief summary of the results of our 
studies of gas reactions and of the electrical properties of adsorbed films on 
filaments, and to discuss particularly their bearing on the electrochemistry 
of electrodes in solution. 


Reaction for Pure Tungsten 


Electrons evaporate from a hot tungsten surface in high vacuum. This rate 
of evaporation is determined by measuring the current of electrons which can 
be drawn to a positively charged anode. The saturation current, in amperes 
per square centimeter, is given by the Richardson-Dushman equation (5) 


I = AT*exp(—b/T) (2) 
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where 5 and A are, in general, constants that are characteristic of the nature 
of the surface of the filament. For clean tungsten A = 60 amperes per square 
centimeter and b = 52,600°K. According to this equation log,, J, when plot- 
ted as ordinate against 1/T as abscissa, gives very closely a straight line whose 
slope is —(b+27)/2.30. Figure 1 gives the electron emission from filaments 
having various kinds of surfaces. The electron emission is plotted as ordinate 
on a logarithmic scale while the abscissas are proportional to the reciprocals 
of the temperatures indicated at the bottom of the figure. The straight line 
marked ‘‘Pure-W” corresponds to the electron emission from a clean tungsten 
surface, calculated from the Dushman equation with the values of A and 5 
given above. 

The slope of the straight lines thus obtained is proportional to the latent 
heat of evaporation of the electrons, and by dividing 6 by 11,600 this may be 
expressed in volts. Thus for pure tungsten this heat of evaporation corresponds 
to 4.52 volts; that is, the work that must be expended to remove an electron 
from the tungsten is the same as the work that must be done in moving an elec- 
tron against a retarding potential difference of 4.52 volts. 

Schottky (10) and others have shown that a large, or even major, part of 
this work is expended in moving the electron against the force of attraction 
that results from the positive charge that the electron induces in the tungsten 
surface — the so-called electric image force. This theory indicates, in agree- 
ment with experiment, that the electron emission from a metal increases if 
strong external accelerating electric fields are applied. Thus, if J, is the elec- 
tron emission with a weak field as given by Equation 2, the electron emission 
with a strong field, E (volts per centimeter), is 


I, = I,exp (4.4 E/T) (3) 


Although for extremely strong fields Schottky’s theory requires modifica- 
tion in accordance with the new wave mechanics, yet it agrees with these newer 
theories and with recent experiments in indicating that with accelerating field 
strengths of the order of 10’ or 10° volts per centimeter, electrons may be pul- 
led out of metals at room temperature. These ‘field currents” increase extreme- 
ly rapidly with the field strength and may reach enormous current densities 
of millions of amperes per square centimeter. The field required to draw such 
currents is approximately independent of temperature. 

In adsorbed films of atomic thickness there may exist potential drops of 
several volts, so that fields of 10° volts per centimeter may well exist at the 
surfaces of electrodes immersed in electrolytes, or at the interfaces between 
solids in contact. Thus the mechanism of the passage of current from electrodes 
to eléctrolytes is probably similar to that of currents observed in vacuum in 
presence of high accelerating fields. 

The electric image theory furnishes us also with a relation between the heat 
of evaporation in volts and the size of the atoms of the metal surface. As a first 
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approximation, 5 of Dushman’s equation is inversely proportional to the 
atomic diameter, or proportional to V-"/*, where V is the atomic volume. 
Roughly speaking, the temperatures at which a given electron emission can 
be obtained from various metals is thus inversely proportional to the atomic 
diameter. 


Thorium Films 


A single layer of adsorbed thorium atoms covering the surface of a tungsten 
filament increases the electron emission 100,000 fold at a temperature of about 
1500°K. The line marked ‘“Th-W”’ in Figure 1 gives the emission as a function 
of temperature. Films of this kind (7) may be produced when desired on fila- 
ments of thoriated tungsten — that is, tungsten filaments into which thorium 
oxide (0.5 to 2 per cent) has been incorporated during manufacture. After 
the filament is mounted in the bulb and exceptionally good vacuum is obtained, 
preferably by use of magnesium or calcium vaporized on to the bulb, the fila- 
ment is heated for about a minute to 2800°K or more. This causes a slight 
reduction of the thorium oxide by the tungsten, so that a few parts per million 
of metallic thorium are then present as a solid solution in the tungsten. This 
thorium diffuses slowly through tungsten crystals and more rapidly along 
the grain boundaries between crystals, and thus reaches the surface, where it 
tends to accumulate as an adsorbed film because it lowers the surface energy 
just as an oil film does on water. However, at temperatures above about 2300°K 
it usually evaporates more rapidly from the surface than it diffuses from the 
interior to the surface. The thorium film is therefore best prepared by main- 
taining the filament at about 2100°K for about half an hour. The temperature 
may then be lowered to 1800° or 1900°K, which is a good operating tempera- 
ture — that is, a temperature at which an electron emission of more than 0.1 
ampere per square centimeter may be obtained without appreciable loss of 
thorium from the surface by evaporation, the diffusion being still rapid enough 
to maintain the surface completely coveréd in spite of a slight loss that may 
occur from positive-ion bombardment due to residual gas. 

The electrical and physical properties of adsorbed films and of the pheno- 
mena involved in their formation may be studied with remarkable ease and 
accuracy. This is the kind of information that should be particularly valuable 
to the electrochemist. The condition of the surface of the filament may be deter- 
mined at any time by measuring its electron emission under standard condi- 
tions at a suitably chosen testing temperature, such as 1450°K. This tempera- 
ture is so low that no measurable diffusion or evaporation of thorium occurs 
and yet the currents are of convenient magnitude to measure (10-* to 10-* 
amperes), being not so large that space charge influences them or that posi- 
tive-ion bombardment produces changes in the surface. In this way the rate 
at which thorium diffuses to the surface at any higher temperature, such as 
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2000°K, or the rate at which evaporation occurs at, say, 2300° or 2400°K can 
be measured. 

It is found that the value of 5 in Dushman’s equation varies approximately 
linearly with 6, the fraction of the surface covered with thorium atoms. This 
means that the logarithms of the electron emissions are linear functions of 0. 
For example, in Fig. 1, where we have used a logarithmic scale, the emission 
of a tungsten filament having only half of the thorium on the surface that is 
needed to cover the surface — i.e., 9 = 0.5, would be given by a line half way 
between those of ‘‘Pure-W”’ and of ‘“Th-W.” 
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The upper end of the line ‘‘Th-W” in Fig. 1 shows a deviation from 
a straight line corresponding to the loss of adsorbed thorium by evaporation; 
at temperatures approaching 2400°K the emission becomes that of pure tungsten. 
If the temperature is then suddenly lowered below 1900°K the emission remains 
that corresponding to ‘‘Pure-W.” 

This result, which may be simply interpreted theoretically, should be appli- 
cable to electrodes in solution. The changes in electrode polarization caused 
by adsorbed films should be proportional to 6, the fraction of the surface co- 
vered by adsorbed atoms. 

In the case of thorium films on tungsten, effects analogous to electrode 
polarization are observed. A fully thoriated surface (8 = 1) in electrical contact 
with a pure tungsten surface is found to have a potential 1.5 volts positive with 
respect to the latter. This contact potential is approximately the difference of 
the heats of evaporation of electrons from the two surfaces (expressed in volts), or 


(6, —5,)/11,600 


The high electron emission of thorium films on tungsten is in accord with 
the fact that the atomic volume of thorium is more than twice that of 
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tungsten. However, the emission of a complete monatomic film of thorium 
on tungsten is considerably greater than that of pure thorium metal. As an 
approximation it is often useful to recognize that the value of 5 for a mon- 
atomic film is roughly that of the metal in bulk, but it must be understood 
that the layer of atoms underlying the surface layer has a distinct modifying 
influence. 


Caesium Films 


Monatomic films of caesium on tungsten have an effect much greater than 
that of thorium in increasing the emission from tungsten filaments, which is 
to be expected from the very large atomic volume of caesium. At about 800°K 
the emission is increased approximately in the ratio 10°° to 1 by a film complete- 
ly covering the surface, 9 = 1. To produce such a film it is merely necessary 
to bring caesium vapor, activated at room temperature (10-! mm pressure) 
into contact with a tungsten filament having a temperature below about 700°K. 
From the low boiling point and the softness of metallic caesium it is clear that 
the forces between caesium atoms are relatively weak and we might therefore 
suspect that caesium atoms would be only weakly adsorbed. Instead of that, 
we see that caesium atoms actually leave a surface of this metal at room tem- 
perature to pass over to a tungsten surface at a temperature 400 degrees higher 
and to cover this surface practically completely with an adsorbed film. This 
remarkable case of adsorption has been found to be due to the tendency of 
caesium atoms to lose their valence electrons to the tungsten. The work neces- 
sary to remove an electron from a caesium atom is measured by the ionizing 
potential, 3.9 volts. The affinity of a pure tungsten surface for electrons is 
measured by the heat of evaporation, 4.52 volts. Therefore, when a caesium 
atom comes into contact with a tungsten surface, the tungsten captures the 
valence electron and leaves the caesium as an ion, which is then held to the 
tungsten surface because of the negative charge which it induces (electric image 
force). This is confirmed by the fact that these adsorbed films are not formed if 
caesium is brought into contact with thoriated tungsten having an electron 
affinity of only 2.9 volts. 

If the filament temperature is high enough the caesium ions evaporate from 
the filament as fast as the atoms strike the surface, but these ions are not 
formed if a fully thoriated surface is used. Thus with pure tungsten (or any 
material with electron affinity greater than about 4 volts, such as carbon, nickel, 
molybdenum, or platinum) the positive-ion current that can be drawn with 
voltages great enough to overcome space charge is strictly independent of fila- 
ment material or temperature (above a certain lower limit) or the electrode 
voltage, but is accurately proportional to caesium vapor pressure, p, being 
in fact given by the theoretical equation 


I = ep(2amkT)-*! (4) 
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where J is the current density, e the charge of an clentton and m the mass of 
the caesium atom. 

. The two curves marked ‘‘Cs-W” in Fig. 1 give the electron emission of 
pure tungsten filaments in presence of caesium vapor saturated at 20° and at 
80°C. The falling off of emission as the temperature is raised above 700° or 
800°K is due to the evaporation of caesium so that 6 progressively decreases. 


When the current of caesium in the surface film is greater than corresponds 
to about 6 = 0.20, the electron affinity of the surface is less than 3.9 volts, 
so the caesium evaporates as atoms. Only at temperatures above about 1200°K, 
when @ has fallen to 0.2, do all the atoms leave the filament as ions. 


By such studies as these, especially by using transient phenomena analo- 
gous to those employed with the thoriated filaments, it is possible to make 
measurements of the rates of evaporation of electrons, ions, and atoms from 
adsorbed caesium films on tungsten as functions of temperature, of 6, and of 
the strength of the electric fields at the surface. Many results of this kind have 
already been obtained (1, 2, 6, 9) and systematic measurements are being made 
by J. B. Taylor. The escape of ions from the surface is greatly facilitated by 
an accelerating field, and this removal of ions, unlike that of electrons, depletes 
the supply and decreases 9. In such ways as this it should be possible to gain 
fundamental knowledge that may profoundly extend our understanding of 
electrochemical phenomena. 


Oxygen Films 


When a tungsten filament at temperatures above about 1300°K is acted on 
by very low pressures of oxygen, a monatomic adsorbed film of oxygen is pro- 
duced on the surface. This film has remarkable properties which prove that 
it consists of atoms or negative ions rather than molecules. The electron emis- 
sion, as indicated by the line ‘‘O-W” in Fig. 1 is many thousand times less 
than that from ‘‘Pure-W.” If heated to 1800°K or more, this film gradually 
evaporates off the filament as atomic oxygen (un-ionized), no tungsten oxide 
being found. One of the most easily measurable properties of this film is its 
ability to hold caesium atoms more firmly than does a pure tungsten surface. 
When caesium vapor is brought into contact with a filament covered with an 
oxygen film, the filament gives an electron emission represented by the curves 
marked ‘‘Cs-O-W” in Fig. 1, which is almost 10° times greater than from ‘‘Cs- 
W” in the neighborhood of 1000° or 1100°K. Using such a temperature as 
a testing temperature, a measure of the rate of evaporation of the oxygen film 
at temperatures from 1600° to 2200°K can be secured. It is found that at 1790°K 
it takes 25 minutes for about half the oxygen to evaporate from a complete 
film (6 = 1). The temperature coefficient is such as to indicate that the heat 
of evaporation corresponds to about 160,000 gram-calories per gram-atom, 
which is greater than the heat of dissociation of oxygen molecules into atoms. 
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This illustrates the extremely powerful forces holding the oxygen atoms to 
the surface. Extrapolation shows that at 1500°K the time for half evaporation 
should be about 3 years. 

These monatomic oxygen films react readily with oxygen molecules which 
strike them to form tungsten trioxide. The mechanism of this reaction possesses 
many interesting features. From the electrochemical standpoint, however, 
the interaction with hydrogen is of most interest. Hydrogen molecules coming 
into contact with a tungsten surface at 1500°K are largely dissociated into atoms, 
but this action is entirely stopped by a complete film of oxygen, so that a minute 
trace of oxygen in hydrogen prevents measurable dissociation of hydrogen 
even in a period of 1/, hour. The oxygen film itself is so stable that it would 
take years to evaporate at 1500°K and the complete film does not react appre- 
ciably with hydrogen. However, if the film is incomplete, so that hydrogen 
can come into contact with the tungsten, the whole of the oxygen film can be 
removed in a few seconds by even a low pressure of hydrogen. 

These phenomena seem to be practically identical with the well-known 
electrochemical phenomena of passivity of chromium and iron (8). The close 
relation, according to the periodic table, between tungsten and chromium 
suggests also that the mechanism of the two kinds of passivity is the same. 
A single layer of oxygen atoms on tungsten acts as a catalytic poison and inhi- 
bits the interaction hydrogen and tungsten (giving atomic hydrogen) and also 
the interaction of oxygen and hydrogen. But the moment gaps of sufficient 
size are formed in the protective oxygen film, the interaction of the oxygen 
and hydrogen is actively catalyzed by the exposed tungsten and the oxygen 
film is almost instantly removed. Surely the same must be true of chromium 
in oxidizing solutions. 
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OXYGEN FILMS ON TUNGSTEN-—I. A STUDY OF 
STABILITY BY MEANS OF ELECTRON EMISSION IN 
PRESENCE OF CESIUM VAPOR 


With D.S. VILLars as co-author 


Journal of the American Chemical Society 
Vol. LIII, 53, 486 (1931). 


IN THIS paper we wish to describe a powerful method of studying the properties 
and detecting the presence of adsorbed films of oxygen on a tungsten surface. 
This method, not in general use, seems to us to be capable of much wider appli- 
cation than we are making of it here, and for that reason we wish to call it to 
the attention of chemists. We shall, at the same time, present evidence obtained 
by it to show that adsorbed oxygen films are held on a tungsten surface by 
enormous binding forces, very much greater even than those corresponding 
to the heat of dissociation of the oxygen molecule. 

The experimental work on which this paper is based was done by Dr. K. H. 
Kingdon; a part has already been published elsewhere.* In that article it was 
shown that minute traces of cesium vapor have a remarkable effect on the 
electron emission from a tungsten surface. Some of the most important data 
are summarized quantitatively in Fig. 1, which is Langmuir and Kingdon’s 
Fig. 1. Consider, for example, the curve labeled 20°. This shows that the elec- 
tron emission in the presence of cesium vapor saturated at 20° (0.001 barye) 
at low filament temperatures (the right side of the diagram, subsequently to 
be referred to as Region 1) varies with increasing temperature according to 
the Richardson equation 

t= AT*e-*" (1) 
up to about 640°K,? but is many billionfold greater than that from pure tungsten. 
Thus at 590° (108/T = 1.7) the emission is 10-*? amp. cm~*, whereas that from 
pure tungsten would be the unmeasurable quantity 10-*!, if Dushman’s‘ values 
of A = 60.2 and b = 52,600 are taken. 


1 Cf. Langmuir, Chandler Lecture, Ind. Eng. Chem. 22, 393 (1930). 

* I. Langmuir and K. H. Kingdon, ‘““Thermionic Effects Caused by Vapors of Alkali Me- 
tals,” Proc. Roy. Soc. (London), A 107, 61-79 (1925). 

* All temperatures, unless otherwise stated, will be given in absolute degrees, K. For the 
method of measuring temperature, the reader is referred to the article of Jones and Langmuir, 
Gen. Elec. Rev., 30, 310-319, 354-361, 408-412 (1927). 

* S. Dushman, H.N. Rowe, J. Ewald and C. A. Kidner, Phys. Rev. 25, 338 (1925). 
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On increasing the temperature from 640 (10/7 = 1.56) to 715° (10°/T = 
1.4), the emission is found to pass through a maximum (Region II) and 
decrease with further increase in temperature (Region III). This drop in emis- 
sion is due to an evaporation of the cesium from the surface. Finally, when all 
the cesium has evaporated off, the points on the curve bend upward again 
(with decreasing 1/7) and the emission follows Equation 1. 

The most remarkable phenomenon, however, was the effect of oxygen on 
these composite surfaces. Ordinarily, a layer of oxygen decreases the emission 


Log I, 


OS 


1A 





4000/T 
Fic. 1. Electron emission from tungsten filaments in cesium 
vapor at various pressures (amps. cm~*). 
from a pure tungsten surface. Thus, from Kingdon’s data,’ A =5 x10" 
and b = 107,000, we calculate that the emission from an oxygen-coated surface 
should be 10-** at 910° (108/77 = 1.1) as compared with 10-174 from pure tung- 
sten. If, now, cesium vapor is admitted to the oxygen-coated filament, the 
emission at all temperatures is increased so that at 910° it is 10-°-*, according 
to the curve in Fig. 1, marked ‘On Oxygen 20°.” The general shape of the 
curve is the same as before, but now it obeys the Richardson equation up to 
much higher temperatures. The oxygen increases the stability of the cesium 
film, holding it much more firmly than tungsten does. 
In all of these regions there is a balance between the rates of evaporation 
and of condensation of cesium on the surface, so that we may assume 
kOe"? — ap(1—O) (2) 
Rate of evaporation Condensation 
* K. H. Kingdon, Phys, Rev. 24, 510 (1924). 
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Here @ is the fraction of surface covered by the cesium atoms, H, is the 
heat of evaporation, and p the vapor pressure of cesium. The transition Region II 
thus occurs close to the temperature at which the equilibrium value of 0 
begins to be less than unity by a perceptible amount. Region I is that in 
which (1—@) is very small or @ practically equal to unity. That this is true 
is also indicated by the fact that increasing the cesium vapor pressure affects 
the emission only slightly; in fact, decreases it instead of increasing it. 
Region III gives us the course of evaporation with the temperature. 

Oxygen present on the surface produces two effects. One is a slight alteration 
of the work function, y, through the cesium layer. The average work neces- 
sary to remove an electron from a surface is approximately a linear function 
of the fraction of the surface covered. 


P = Pwt9os(Pw-cs—Pw) (3) 


where gy is the work function from a pure tungsten surface, yy_o, is the 
corresponding work function from a tungsten surface covered with a com- 
plete layer of cesium, and 6,, is the fraction of the surface covered with 
cesium. Evidence supporting this hypothesis has been discussed elsewhere.® 
From Equations 1 and 3 it follows that log 7 is a linear function of 6 in 
view of the relation connecting b of equation 1 with » 

b = ge/k = 11600 (4) 
if g is given in volts. Although the work function from a Cs—O-W layer 
need not be exactly the same .as that from Cs-W, this distinction is not 
very important, as may be seen from a study of Region I of the Cs-O-W 
and Cs-W curves (Fig. 1). The difference in log 7, which, by Equation 1, 
depends principally upon the work function, is only 0.7 (at 590°), a small 
factor indeed when compared with the enormous differences we shall make 
use of later. 

The other effect of the presence of an oxygen film is to hold cesium atoms 
which would otherwise evaporate under the same conditions of temperature 
and pressure. This effect comes to light in Region III where we no longer 
have the surface completely covered with cesium. Every oxygen molecule 
which strikes a bare tungsten surface. is held so strongly that it cannot be 
dislodged at the low temperatures which are sufficient to evaporate cesium, 
These adsorbed atoms are, moreover, capable of holding cesium atoms much 
more tightly than the bare tungsten surface. A relatively high temperature 
is required therefore to bring about the evaporation of these cesium atoms 
to produce any given value of @,,. It is this effect which allows us to 
go to much higher temperatures on the Cs-W curve of 9,,= 1, without 
evaporating off all the cesium layer. This is the reason that oxygen can 
increase the emission 10* fold. 


* I. Langmuir, ibid. 22, 357-98 (1922). 
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On first thought it is natural to assume that the curves labeled ‘‘On 
Oxygen”’ in Fig. 1 correspond to 0, = 1, where 0, is the fraction of surface 
covered w-th oxygen. On the other hand, when we cons der that, in the 
checkerboard arrangement of the surface, one oxygen adatom? may hold 
more than one cesium atom, perhaps as many as three to seven, our first 
hypothesis does not seem likely. 

We may think of the total fraction of the surface covered by cesium, 
@,,, to be made up of two parts, one of which is the fraction, 6¢,, which 
would naturally be present in equilibrium at that temperature if no oxygen 
were there, and the other of which is the additional fraction, 9¢,, held by 
the oxygen present. 

Go. = Bat Foe (5) 
It is then to be expected that the additional fraction held, 9,,, should be 
directly proportional to the amount of oxygen present, up to a certain limit. 
For example, if the number of cesium atoms held by an oxygen atom were n, 
we would have 
Oc, = nO (6) 
up to the point where 0,, = n9,+0,,=—1. Beyond this value, the emis- 
sion should be nearly constant, although ©, might continue to increase 
to values all the way up to unity. For this reason we might expect the work 
function in Region III (where cesium is more or less evaporated off) to 
vary linearly with 9, from 0 to about 0.33 (if 2 = 3), and be little affected 
by subsequent addition of oxygen to the surface. Notwithstanding this uncer- 
tainty in our knowledge of 9), we can probably be certain of one thing. 
Electron emission of definite value below the maximum (at a fixed compar- 
ison temperature and cesium pressure) will correspond to a definite 9, 
no matter what evaporation procedure we have chosen to bring about this 
state. 

Method of Procedure.— In this way, we have been able to develop a method 
of studying oxygen films on tungsten. First, a well-aged tungsten filament 
is flashed in vacuum for two seconds, at a temperature of 2700°, to clean 
its surface completely. It is then allowed to cool to room temperature, and 
cesium vapor at a pressure of 0.0024 barye (saturation pressure at 28°) is 
admitted. This instantly (within about one second)® forms a complete 


7 Becker, ‘The Life History of Adsorbed Atoms and Ions,’”’ Trans. Am. Electrochem. Soc., 
55, 153-175 (1929), has suggested using the term ‘‘adatom” for an adsorbed atom. 

* This may be readily done in one of two ways. If a high frequency induction outfit is avail- 
able, a nickel capsule containing a mixture of cesium dichromate and silicon may be placed 
in a side arm of the tube (pyrex). The whole may be baked out at as high a temperature as 
desirable, after which the cesium is liberated by bringing the nickel to a red glow by means 
of the high frequency coil. If the latter is not available, a second method is to use a mixture 
of metallic calcium and cesium chloride. The tube (lime or hard glass) may not be baked out 
at temperatures above 350° as the calcium would begin to react. When ready to drive over 
the cesium, the temperature is increased by heating with a Bunsen flame. This method has 
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layer on the tungsten surface and increases the electron emission from values 
too small to measure to those easily measured in the temperature range 
550-900° (see Fig. 1). To produce the film of oxygen which we propose 
to study, we raise the temperature of the filament to around 2000°, thus 
evaporating off all the cesium, surround the bulb with liquid air to lower 
the cesium vapor pressure to an infinitesimal amount, and admit oxygen, 
at 0.1 mm pressure, covering the surface with a complete layer of the latter. 
The filament is then allowed to cool to room temperature, any residual oxy- 
gen is pumped out and cesium vapor is again admitted by simply removing 
the liquid air from the bulb. On now heating the filament to temperatures 
from 600 to 1200°, with positive voltage on the anode, no measurable electron 
emission is detected. To get the typical electron emission from the adsorbed 
cesium film, it is first necessary to ‘“‘activate” the oxygen film. The maxi- 
mum activation is produced by flashing the filament for a few seconds at 
temperatures from 1600 to 1800°, the exact temperature and time being 
of little importance. 

After activation, the filament, in the presence of cesium vapor at 20°, 
gives at 650° an emission which is roughly only five times as great as before 
the oxygen film was produced. The activated oxygen film, however, allows 
us to raise the filament temperature to 850° or even 900° before losing enough 
of the adsorbed cesium to cause a decrease in emission. Under these con- 
ditions, the currents are 10° or 10* times greater than in the absence of 
the oxygen film. 

We propose to use this increase as a measure of the amount of adsorbed 
oxygen and in this way study the rate of evaporation of these oxygen films. 

In the absence of cesium vapor, the effect of oxygen is to decrease greatly 
the electron emission from tungsten. This change in emission can also be 


disadvantages over the first one in that the baking temperature may not be as high, and that 
the reagents, being hygroscopic, are apt to become contaminated while being handled. 

® We calculate that a fraction of cesium on the surface of 09, = 10-* may be readily de- 
tected by using a galvanometer ballistically and determining the positive ion emission while flash- 
ing the filament to 1500°. (All atoms on the filament pass off instantaneously as positive ions 
during the flashing if submitted to sufficient accelerating potential, say, 45 v.). An ordinary gal- 
vanometer has a sensitivity such that 10-® coulombs will give a kick of 1 cm. This is equivalent 
to 6.3 x 10* positive ions. A surface completely covered with cesium contains 4x10" atoms 
cm, Thus, the fraction readily detected is 06, = 6.3 x 10°/4x 10% = 1.5710. If m cesium 
atoms were held by each oxygen atom present, one could readily detect 9, = 1.57 x 10-*/n. This 
suggests that an extremely powerful method of studying surfaces of low @ is to choose a cesium 
pressure low enough for the constant positive ion current to be small, and a filament temperature 
such that @>, = 0. By making the filament positive with a sufficient voltage, all cesium atoms 
striking the surface will be instantaneously changed to cesium ions and flow to the cathode. 
This current should be balanced out of the galvanometer. If there were a small trace of oxygen 
on the filament, 6c, would have a definite value, which could be determined by flashing the 
filament. The ballistic kick then will tell one how great is 0’’g, and the relative value (although 
not absolute) of 6. 
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used to detect and study oxygen films, and has been used in the work to 
be described in the second paper of this series. The method has, however, 
the disadvantage that even at 1700° the emission from an ordinary filament 
is less than 10-* ampere and at temperatures as high as this the films may 
evaporate somewhat even during the measurements. With cesium vapor, 
not only can much smaller amounts of oxygen be detected, but the tests 
for the oxygen are made at such low temperatures that no evaporation occurs. 

This qualitative test becomes quantitative as soon as we know the law 
by which Og, depends on 0, (Eq. 6). Until then we may reproduce at 
will particular values of 62 without having more than approximate know- 
ledge of their absolute magnitude. 

In our studies of the evaporation of the films, the oxygen-covered fila- 
ment was heated at a definite ‘“evaporation temperature” for successive 
time intervals. After each heating to the evaporation temperature, the fila- 
ment was cooled and the condition of its surface was then determined by 
measuring its electron emission’ at a series of “‘test temperatures’ ranging 
from 802 to 1092°. 

Similar data were obtained at other temperatures. By comparing the 
rapidity of the deactivation. at various evaporation temperatures, as revealed 
by the changes in-emission at any given test temperature, we can obtain 
the relative temperature coefficients of the rates of evaporation. 

It was shown by Langmuir" that the rate of evaporation m is related to 
the vapor pressure, p, of a substance by the equation 


m = (1—r)(M/2aRT)"*p (7) 
where M is the atomic or molecular weight and r is the reflection coefficient 
of incident atoms. In the present case, from evidence that will be discussed 
in later papers of this series, we believe that r is small and has no appreciable 
temperature coefficient. Thus the temperature coefficient of the rate of 
evaporation is approximately the same as that of the vapor pressure (neglect- 
ing the factor 71/*). In this way by the Clapeyron equation we may deter- 
mine the heat of evaporation of adsorbed oxygen from the temperature 
coefficient of the rate of evaporation. 

Experimental Data.— The experimental data on the electron emission 
from Cs-O-W surfaces of varying 9, for one characteristic evaporation 
temperature are given in Fig. 2. Each of these curves corresponds to a defi- 
nite time of evaporation of oxygen at 2070°. A similar set of curves was 
obtained for two lower evaporation temperatures, 1978 and 1856°. As these 
curves have the same appearance as those in Fig. 2, we shall not reproduce 
them here. To get the temperature coefficient of the rate of evaporation, 


10 This method is similar to that used by Langmuir in his study of thoriated tungsten fila- 


ments, Phys. Rev. 22, 357-398 (1923). 
11-7. Langmuir, ibid. 2, 329 (1913). 
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and from it the heat of evaporation, one might pick the point X in Re- 
gion III, half-way between the top and bottom curve, and compare the evapora- 
tion time which gives a surface of that electron emission at that particular 
test temperature, with the evaporation time at the next evaporation tempera- 
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Fic. 2. Electron emission from Cs-O-W surfaces of varying oxygen and’ cesium 

content. Total emission from 50-mm. 4-mil wire (0.01016 cm diam.) in microamperes. 

O, Values from other data* calculated to wire of area used (0.1598 sq. cm). 

X, Experimental values. Cesium vapor pressure, 0.00246 baryes (28°C). ¢ is time 
of oxygen evaporation at 2070°K. . 


ture (1978°) which gives the same electron emission at the same test temper- 
ature. From what has been said above, it is reasonable that the surface 
is the same in both cases. As may be seen from Fig. 2, this arbitrary half- 
way curve was not among those determined experimentally. The time which 
would give this curve may be determined by any method of interpolation. 
That method which gives a straight line is, however, always the most 
convenient. From the logarithmic!® form of. Equation 2 


_ dine _ 


-Hg/RT __ pr 
p= eM = (8) 


we see that if Hg is constant, a plot of log A, where A=logi—logi, and 
i, is the emission from the cesiated surface of 0, = 0, against evaporation 


13 In this and following papers we shall follow the ‘customary notation in which log designates 
the common logarithm and In the natural logarithm. 


21 Langmuir Memorial Volumes III 
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time, t, should give us this straight line, in view of the relation between A 
and © (Equations 1, 3 and 4). 


din A dln @ 
a cies (9) 


The “‘half life’’4* may then be determined from the curve by inspection. Plot- 
ting logt,, against 1/T would now give us a curve the slope of which is 
a measure of the heat of evaporation. Figure 3, in which is plotted log A 
against ¢ for four different test temperatures, shows that these curves are 


t, minutes. 





Fic. 3. Course of evaporation with time at 2050°K., as measured 
at test-temperatures indicated. 4 = logi— ig and is proportional 
to the covering fraction, 6). 


essentially straight, at least in the @ region studied in these experiments. 
The velocity constant k’ is then related to the time of half evaporation by 
the equation 

tay, = (In 2)/R’ (10) 


A closer inspection of Fig. 3, however, reveals the fact that the half times 
obtained at different test temperatures are slightly different. In this example : 
they are 0.27, 0.23, 0.32 and 0.33 minutes at the test temperatures 960, 910, . 
856 and 802°, respectively. It is obvious that some method of averaging 


18 This ‘‘half life,”’ in view of the consideration involved in Equation 6, does not necessarily 


mean the time it takes for @o to reach 0.5. It is the evaporation time it takes to obtain surface 
conditions such that, at the particular test temperature used, the sum @¢5+ 60. = 0.5. 
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must be resorted to if we are to get the best value of the temperature coefficient 
of evaporation. In doing this we have not limited ourselves to determining 
the half time, but have compared the times it takes for the surface to 
reach other stages of evaporation as well. Table I gives these evaporation 
times in minutes for different evaporation temperatures, test temperatures 
and A (proportional to 6). We might next proceed to plot log ¢ against 
1/T for each separate set of times to reach the same stage of evaporation 
and find the average slope of all of these straight lines, but it is much 
simpler to reduce all times to values relative to that at the evaporation tem- 
perature 1978° as unity, average them, and plot the single set of three points. 
We have chosen the latter procedure 
Taare I 


Evaporation Times 


Test temp., 802°K (Aa: = ai 15) 
Evaporation temp., 





1856 1978 2070 
4 ee ed Minutes Minutes a [trom teere/trers 
0.8 os | sts | 69 =| om | 8 6.90 0.714 11.85 0.1034 
0.9 66.9 5.42 0.632 12.34 0.1166 
1.0 55.9 4.29 0.561 13.03 0.1308 
1.2 38.5 3.12 0.454 12.34 0.1455 
1.5 29.1 2.07 0.327 14.06 0.1590 
2.0 13.2 1.15 0.181 11.48 0.1574 
Test temp., 856° (Ag = 0.175) 
0.9 7.52 0.811 0.1078 
1.1 78.0 4.76 0.664 16.39 0.1395 
1.5 40.7 2.81 0.457 14.48 0.1626 
2.0 24.7 1.74 0.304 14.19 0.1652 
2.5 13.1 1.17 0.192 11.20 0.1641 
Test temp., 910° (A, = 0.20) 
1.3 76.4 4.61 0.636 16.57 0.1379 
1.5 53.8 3.52 0.533 15.28 0.1514 
2.0 32.2 2.07 0.352 15.56 0.1701 
2.4 19.9 1.47 0.245 13.54 0.1667 
Test temp., 960° (A, = 0.225) 
1.3 72.2 5.08 0.653 14.22 0.1286 
1.5 50.7 3.53 0.447 14.36 0.1266 
1.9 33.7 2.28 0.384 14.78 0.1684 
2.3 19.9 1.63 0.273 12.21 0.1675 
| Mean 13.77 0.1458 
4 = logig — logi, where i = electron emission from Cs-O-W surface of 95 = x, and ig 


== emission from Cs-W surface of 95 = 0. A, = 


amperes at which filament a was run during 


emission readings t,95¢/t:s73 = evaporation time relative to that at temperature 1978°. 


21° 
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Thus Columns 5 and 6 of Table I give the relative times for each de- 
termination. These are averaged and given in Table II. 


TaBLe II 
Temperature Coefficient of Evaporation 


T, °K | tia) min | eee | 104/T 
1856 27 13.77 5.39 
1978 2 1.00 5.06 
2070 | 0.3 0.146 4.83 





The heat of evaporation corresponding to the slope of the log t,, versus 
1/T plot (Fig. 4) is 162 kg cal. This is the heat per gram molecule of the 
substance dissociated. If the oxygen comes off in the form of atoms, as 





07T . 
Fic. 4. Relative evaporation time. Slope equivalent to 
H = 162 kg cal. 


we have reason to believe, it is the heat per gram atom of oxygen. This is 
some 2.5 times the heat of dissociation of oxygen’ (per gram atom). It is no 
wonder, therefore, that a bare tungsten surface has such a power of taking 
up oxygen. The practically constant slope of the curves in Fig. 3 indicates that 
we are taking our measurements in a region where Hg is independent of 6. 

4 Taking the heat of dissociation of oxygen per gram molecule to be 131 kg cal., Rode- 


bush and Troxel, ¥. Am. Chem. Soc. 52, 3467 (1930); Copeland, Phys. Rev. 36, 1221-1231 
(1930). | 
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We conclude therefore that 162 kg cal is most probably the heat of evapora- 
tion from a sugéace \almost bare (9, ~ 0.15). In a later paper we shall 
present data from a © region between 0.35 and 0.7 which show that H is 
less than 162 kg cal, and decreases with increasing 0. 


Concluding Remarks.— In the foregoing pages we have presented a method 
of studying the rate of loss of adsorbed oxygen from tungsten. Since this 
consists primarily in detecting the amount of oxygen on the surface, it may 
be used equally well for studying the accumulation of oxygen. As an illustra- 
tion in this connection, we refer to the difficulty of Rodebush'® and his co- 
workers in finding a suitable method of detecting beams of oxygen molecules 
or atoms. We suggest that these could be readily’ identified by an adaption 
of the above procedure. A beam of molecules impinging on a hot (1600°) 
clean (by preliminary flashing to 2700°) tungsten filament will deposit with 
almost one hundred per cent efficiency until the surface has received its 
maximum sensitivity. The deposition of oxygen molecules on a cold surface 
does not affect the emission in the presence of cesium vapor. It is almost 
certain (it has not been tried) that a beam of oxygen atoms impinging on 
a cold surface will modify its subsequent emission in cesium vapor to the 
same extent as a molecular beam hitting a hot surface. If this is true, we 
have a method of distinguishing between atomic and molecular oxygen. 

If a layer of 09, = 0.33 (mn = 3 in Equation 6) gives the maximum emis- 
sion (10°xthe Cs—-W emission), then a layer of 9, = 0.33 x (log 2)/(log 
10*) = 0.017 will cause a doubling of the emission, which certainly can be 
readily detected. A beam of the density ordinarily used in molecular ray 
experiments will deposit a complete layer in about one second.’® It therefore 
would take only 0.017 second to deposit out of such a ray enough oxygen 
to be readily detected. These rays usually originate from enclosures in 
which the pressure is 0.1 mm. It may be seen that with such a sensitivity 
much lower pressures may be used, with the consequence that the beam can 
be better resolved. Hitherto, the most hopeful method of detecting oxygen 
beams seems to have been that of Knauer and Stern,!? who have a small 
box with an entrance consisting of a slit which may be moved back and 
forth across the beam. By measuring the pressure change in the box, the 
distribution of intensity in the beam may be determined. Up to now this 
is the only practical method invented to detect beams of inert gases, but this 
need no longer apply to the case of oxygen. The use of a movable tungsten 
wire in detecting beams is not only a much more simple method, but is 


18 Rodebush and Nichols, ¥. Am. Chem. Soc. 52, 3864-3868 (1930). 

16 Pressures as low as 10’ baryes would bring about the deposition of a layer of O = 1 
in about five hours. On account of this extreme sensitivity, all stray oxygen would have to 
be removed from the apparatus. This would be readily done, we believe, by the cesium vapor 
present under the conditions of the experiment. 

17 F. Knauer and O. Stern, Z. Physik 53, 766 (1929). 
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also practical, as has been demonstrated by Taylor,!® who detected cesium 
beams by the positive ion current from a wire mounted.on a contrivance 
capable of moving it across the beam. 

We wish to acknowledge our indebtedness to Dr. K. H. Kingdon for the 
experimental data which we have used and to Mr. Saunders MacLane, who 
gave valuable assistance in analyzing these data. 


Summary 


A method is presented of studying the rate of loss of oxygen from an 
adsorbed film on tungsten, as well as of detecting its presence in a gas. This 
consists in observing its effect on the electron emission of a tungsten filament, 
sensitized by the presence of minute traces of cesium vapor (10-* mm). 
Under properly chosen conditions a monatomic oxygen film makes its pre- 
sence known by increasing the emission a millionfold. 

Using this method, the heat of evaporation of oxygen from the adsorbed 
layer was found to be 162 kg cal (7.0 v) per gram atom. 


18 J. B. Taylor, ibid. 57, 242-248 (1929). 
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THE ALLEGED PRODUCTION OF ADSORBED FILMS ON 
TUNGSTEN BY ACTIVE NITROGEN* 


Physical Review 
Vol. XXXVII, No. 8, 1006, April (1931). 


Pure molecular nitrogen has no effect on the thermionic emission from 
tungsten. The decrease in emission that occurs if a discharge is passed through 
the nitrogen with voltages above about 20 has been attributed to the formation 
of a film of adsorbed nitrogen.1 Kenty and Turner found that the accommo- 
dation coefficient for heat conduction from the tungsten surface by nitrogen 
was increased about 20 per cent by this treatment. 

More recent experiments in this laboratory have shown that the film pro- 
duced on the tungsten by active nitrogen is an oxygen film. The active nitrogen, 
coming into contact with the walls of the tube and the surfaces of electrodes, 
decomposes adsorbed water vapor or metallic oxides which are almost always 
present and thus drives oxygen (probably atomic) into the gas phase, whence 
it reacts with the filament. With great care to avoid oxygen and with the bulb 
cooled in liquid air, active nitrogen does not produce any adsorbed film which 
alters the electron emission or the accommodation coefficient, but instead it 
is able to remove any oxygen film already present. _ 

A similar evolution of oxygen from well baked out glass surfaces occurs 
when neon metastable atoms strike the walls of a discharge tube. 

The detailed description of these experiments will soon be submitted to 
the Journal of the American Chemical Society for publication. 


* (Epitor’s Norte: This article did not appear in ¥. Am. Chem. Soc. at a later date]. 


? I. Langmuir, Phys. Rev. 2, 460-72 (1913); Phys. Zeit. 15, 523 (1914); ¥. Amer. Chem. 
Soc. 38, 2279 (1916); C. Kenty and L.A. Turner, Phys. Rev. 32, 799-811 (1928). 
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Journal of the American Chemical Society 
Vol. LIV, No. 3, 1252, March (1932). 


Sir: 

When caesium atoms strike a tungsten filament at high temperature (fila- 
ment surrounded by negatively charged cylinder), every atom is ionized. At 
lower temperature the number of adsorbed atoms (adatoms) per unit area (0) 
can be measured by flashing the filament and allowing the evaporated atoms 
to strike a second parallel filament from which they evaporate as ions. The 
potentials of the two filaments are so chosen that no ions escape from the first 
but all escape from the second. A galvanometer ballistic kick gives a quantita- 
tive determination of o. — 

Dr. J. Bradshaw Taylor has developed this method for measuring the rates 
of evaporation of atoms (¥,), ions (y,) and electrons (»,) as functions of o and T. 
The following conclusions are drawn. 

The tungsten surface, after considerable heating at 2800°K, is homogeneous, 
except that a small fraction (0.0050) can hold adatoms more firmly than the 
rest. With rising pressure, and a filament at 1100-1200°K, the first atoms 
are adsorbed on this active surface, which becomes saturated before 0.5% 
of the remaining surface is occupied. The active spots are separate spaces hold- 
ing one atom each from which the heat of evaporation is 80 kg cal. per g atom. 
The following refers to the homogeneous surface. 

With low filament temperatures and high pressures, o reaches a limit 0, 
= 3.563 x 10 atoms per sq. cm of true surface (34% greater than apparent 
surface) corresponding to a monatomic film with one Cs atom for four tung- 
sten atoms. The electron emission at constant JT reaches a maximum at 
0 = a/o, = 0.67. 

From the data on »,, by Gibbs’ adsorption equation, the spreading force 
F (dynes. cm-") can be calculated and the two-dimensional equation of state 
is F = o,kTO/(1—6)+F’. Using the virial of the force f acting at a distance 
r between adatoms: F’ = 0.25 oZ(rf). The forces are strong repulsive forces 
varying as r-*, The adatoms constitute dipoles, whose moment M decreases 
as @ increases by the depolarizing force of neighboring adatoms. It is deduced 
theoretically (without adjustable parameters) that 


F’ = 3.338M?o%/?+- 1.531 x 10-§M4/8J/8 Jo? 
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I being an integral which decreases from U.893 to 0 as @ increases from 0 to 
1. From experimental values of F it is found that M = 16.3 x 10-1* at 6 = 0, 
this coefficient decreasing to 9.8 at 8 = 0.3 and 7.6 at 9 = 0.6. The contact 
potential V = 270M can thus be calculated from »,, agreeing with direct 
measurements and with values calculated from 

In », = 63.44—(11,606/T)(4.760—V) 
V being in volts. 

The experimental values of », give 

In [y, (1—9)/0]—1/(1— 9) = A—B/T 

where 


A = 614+ 4.80—2.46 
and 
B = 32,380/(1+-0.7146) 
The thermodynamic relation 
In (2,) = In »,+(11,606/7)(V,—V,—V) 
gives », (in agreement with experiment), where V, = 3.874 volts (ionizing 
potential of Cs) and V, = 4.622 (work function for W). 

From these equations »,, »,, », and V are calculable, as functions of T and © 
(up to 0.65), from a curve giving M(@) and from V,, V, and the heat of 
evaporation of adatoms from a bare tungsten surface, 63.5 kg cal. per g atom 
(2.757 volts). 
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THE MOBILITY OF CAESIUM ATOMS ADSORBED ON 
_TUNGSTEN® 


Physical Review 
Vol. XL, 463 (1932). 


A HEATED tungsten filament in presence of Cs vapor adsorbs Cs atoms. The 
number of atoms per unit area, o, can be measured (if o < 3.6 10 cm) 
by suddenly heating the filament (surrounded by a negatively charged cylinder) 
and observing the ballistic kick on a galvanometer, since every atom escapes 
as a positive ion. 

Three cylinders placed end to end surrounded a straight filament. With 
all three cylinders at positive potential (22 volts) a Cs film was formed with 
the filament at low temperature. The Cs vapor was then frozen out by im- 
mersing the bulb in liquid air. The filament was next heated to a tempera- 
ture (848°K) at which o was reduced below 3.6 x 10% and the temperature 
was then lowered to 7, at which the rate of evaporation of atoms was very 
low. The potential of the central cylinder was then changed to —22 volts 
leaving the other two at +22. This allowed the Cs on the central part 
of the filament to escape as ions. The current to this central cylinder gave 
the rate of evaporation. After the removal was nearly complete, the poten- 
tial of the central cylinder was altered to — 44 volts and because the accelerat- 
ing field for ions then reached into the end cylinders, an additional length 
a was freed from Cs. The current-time integral permitted the total length 
of cleaned filament to be measured. 

In this way a standard Cs distribution was obtained in which the central 
part, free from Cs, extended at each end a distance of 0.165 cm into the 
end cylinders, while the two end sections were uniformly coated with Cs 
to a concentration of o = 2.73 x 10". 

With the filament in this standard condition the temperature was changed 
to T, for a time ¢, while all three cylinders were at +22 volts so that no 
ions could evaporate. T, was chosen so low (<848°) that there was no ap- 
preciable change in o by atom evaporation during the time f#,. During 
this time, however, the Cs migrated to some extent from the end sections 


* [Epiror’s Note: This paper appears as Chapter Seventeen in the Author’s Book 
”Phenomena, Atoms and Molecules”, Philosophical Library, 1950]. 
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into the central section. The number of atoms which had arrived were then 
measured by flashing the filament while the three cylinders were put at 
—22 volts, but the current to the central cylinder only was measured. 

The migration of the Cs may be looked upon as a surface diffusion, the 
number of atoms per unit time crossing each unit of length of a line on the 
surface being Ddo/dt. Treating the problem as one of diffusion, assuming 
as usual that D is independent of ¢, it is then possible to calculate D from the 
foregoing experiments. 

Measurements of the migration were made at 7, = 654°, 702°, 746°, 
and 812°K with times from 200 to 4000 seconds. At each temperature the 
values of D obtained were approximately independent of t, (slight increase 
with ¢,). The values of log D plotted against 1/T gave a straight line so 
that 


log, D = —0.70—3060/T. (1) 


At 812° this corresponds to D = 3.4x10-5 cm? sec". 

A few experiments were made in which the Cs concentration on the end 
sections in the standard condition was altered to 1.74 10%. At 812° a value 
of D of 1.4x10-5 was found. Thus D varies considerably with o so that 
the experiments have given as yet only a kind of average value of D over 
the range from o,,, to 0. 

Determinations of D at higher concentrations have been made by another 
method. In presence of a given pressure of Cs, the Cs film on a filament at 
about 1000°K surrounded by a negatively charged cylinder can exist in 
two phases, separated by a definite boundary. From the more concentrated 
phase (a phase) Cs evaporates as atoms while from the dilute 6 phase Cs 
evaporates as ions; both of these rates being equal to the rate of arrival from 
the vapor phase. At a given filament temperature there is only one pressure 
Po» at which these two phases can coexist. If the pressure is changed to ,, 
the phase boundary moves with a definite velocity o along the length of the 
filament, causing either one or the other phase to disappear. 

At the phase boundary there is a sharp concentration gradient. The resulting 
surface migration is balanced by differences between the rates of evaporation 
into and arrival from the vapor. The rates of evaporation of atoms and ions, 
¥,, and »,, both depend on T and a, but the rate of condensation yz is 
fixed by the Cs vapor pressure. The total evaporation rate vy = »,++4, rises 
from 0 at o= 0 to a maximum at about o = 7X10", falls to a minimum at 
43x10 and then rises indefinitely. The curve »—y as a function of o 
thus intersects the o axis at three points and forms two closed areas A, and 
A,, enclosed by the curve and the o axis. A recent article [I. Langmuir, 7. Am. 
Chem. Soc. 54, 1252 (1932)]. gives data from which such curves can be 
prepared. Mathematical analysis shows that the condition for a stationary 
phase boundary is that A, = A,. 
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If at any temperature the rate of arrival of Cs is changed from py to 4, 
the velotity of the movement of the boundary is given by 


v = (D/2A)'* (u,— Ho) 
This was derived on the assumption that D is independent of o and that 
v is small. 

The experiments show in fact that A, = A, and that o varies in proportion 
to 4, = fy. From measurements at 967°K a value of D = 6 x 10-‘ was obtained. 
The concentration of the a phase was 7.3 x 10%. From Eq. (1) for this tempe- 
rature we calculate D = 1.1x 10-4, The higher concentration is the probable 
reason for the higher observed value of D by this method. 

The strong repulsive forces between the adatoms explains the variation 
of D with o. It is planned to develop a quantitative theory of this effect. 
The coefficient of the last term of Eq. (1) corresponds to an activation energy 
for diffusion amounting to 0.61 volts. The atoms are normally held in definite 
positions with respect to the underlying tungsten lattice, but by acquiring 
thermal energy of agitation of 0.61 volts or more, may hop into adjacent va- 
cant spaces. With definite knowledge of the lattice and the forces acting on 
the atom, it is hoped that the average life r in each elementary space may be 
determined. 
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THE NATURE OF ADSORBED FILMS OF CAESIUM 
ON TUNGSTEN. PART I. THE SPACE CHARGE SHEATH 
. AND THE IMAGE FORCE 


Physical Review 
Vol. XLIII, No. 4,-224, February (1933). 


State of thermal equilibrium in an enclosure having tungsten walls and containing caesium vapor.— 
In a large heated enclosure having tungsten walls and containing Cs vapor in thermal equilibrium, 
there are ions, electrons and atoms, with concentrations given by me"y/ng = K where the equi- 
librium constant K can be calculated from the ionizing potential of Cs vapor. The interior of 
the enclosure constitutes a typical plasma with n, = np. Near the walls are space charge sheaths 
in which particles of only one sign are usually present. The potential distribution of the weak 
fields that reach into the plasma are governed by the Debye-Hiickel theory characterized by 
the Debye distance Ap. The sheaths contain an excess (or deficiency) of ions and there is a cor- 
responding sheath adsorption which is related to a negative surface tension (spreading force F) 
‘by Gibbs’ adsorption equation. ao 

Electric image forces near plane metallic surfaces.— Still closer to the surface there is.an 
image force sheath in which the distribution of ions and electrons is governed mainly by the 
image force f = (e/2x)*. Throughout both the space charge and the image sheaths, the con- 
centration of electrons or ions (whichever is larger) is given by m = exp (x,/x)/87x5(x+x,) . 
where x,, the Schottky distance, is e*/4kT and x; is the v. Laue distance equal to (kT/2ze*n,)}; 
m, being the concentration at the boundary between the space charge sheath and the image 
sheath (corresponding to the saturation current). 


Perturbation method for the study of image forces.— Within distances of a few Angstroms from 
the surface, the classical image force requires modification because the “‘effective reflecting 
plane” which determines the location of the image, changes its position as any given electron 
or ion approaches the surface. The image force for ions is thus greater than for electrons when 
these particles are at a given distance from the surface. A general method is devised for cal- 
culating the image force (a second approximation) acting ori electrons very close to the surface. 
An approximate calculation of the electron distribution is made and then the perturbations pro- 
duced by a given electron are used to determine the image force on that electron. In a modifi- 
cation of this method, the perturbation produced by a given electron in the distribution of neigh- 
boring electrons is considered to be characterized by a perturbation free path which is used to 
calculate the location of the reflecting plane and the resultant image force. 


Application of methods to electrons with Fermi distribution.— These methods are used to cal- 
culate the image force on a given electron resulting from electrons near the surface of a metal 
(both inside and outside of it) which have a Fermi distribution consistent with the Poisson equa- 
tion. A third approximation can then be made by considering that all of the electrons in the Fermi 
sheath are similarly acted on by an image force so that the sheath becomes much thinner than 
calculated by the second approximation. In Part II of this paper it will be shown that, bécause 
of the th inness of this sheath, it becomes possible to calculate the image force far more accurately 
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by a new displacement method than by these two approximations. Similar image force considera- 
tions should govern all applications of the Fermi theory to concentrated electron atmospheres 
in which there are large concentration gradients. 

WHEN caesium vapor, saturated at room temperature (about 0.001 barye) 
comes into contact with a hot tungsten filament, an adsorbed film of caesium 
is formed on the filament. The properties of such films have been quite exten- 
sively studied.1-* Methods have been devised for meauring »,, », and », (the 
rates of evaporation of atoms, positive ions and electrons) as functions of the 
teniperature T and of o, the number of adsorbed atoms per unit area. 

Schottky® derived theoretically the following relation between the energies 
of evaporation of atoms, ions and electrons and the ionizing potential of the 
atoms 

Ut U, = U,+U,. (1) 
All these quantities are conveniently expressed in equivalent electron-volts, 
so that U, is then the ionizing potential. 

Langmuir and Kingdon! found experimentally that », and », are dependent 
on the electron affinity U, of an adsorbed surface film of Cs on tungsten, 
and thus depend on »,. They concluded that the stability of the adsorbed film 
‘tig due to the fact that the electron affinity of a tungsten surface (U, = 4.62 
volts) is greater than that of caesium ions (ionizing potential U, = 3.88 volts).” 

A little later, M.v. Laue!® showed theoretically that the concentrations 
of atoms, electrons and ions in equilibrium with a heated metal cannot be 
independent of one another, but must be so related as to give the proper degree 
of ionization for the vapor in accord with Saha’s equation.™ 

The ease and accuracy with which the properties of caesium films may be 
determined experimentally renders them particularly suitable for fundamental 
investigations of the electrical properties of adsorbed films and of the forces 
acting between atoms on the surfaces of metals. 

In an analysis*-* of the experimental data of Dr. J. Bradshaw Taylor on 
the atom evaporation rate »,, a theory has been developed by which the forces 
between the adsorbed atoms (adatoms) can be calculated from the variation 
of y, with o. This theory was based on the concept that the adsorbed film acts 
like a two-dimensional gas whose spreading force F (dynes cm-’) is related 


1 I. Langmuir and K. H. Kingdon, Science 57, 58 (1923), and Phys. Rev. 21, 380 (1923). 
* H. E. Ives, Phys. Rev. 21, 385 (1923); Astrophys. ¥. 60, 209 (1924). 

* I. Langmuir and K.H. Kingdon, Proc. Roy. Soc. A107, 61-79 (1925). 

‘J. A. Becker, Phys. Rev. 28, 341-61 (1926). 

J. A. Becker, Trans. Am. Electrochem. Soc. 55, 153 (1929). 

I. Langmuir, 7. Am. Chem. Soc. 54, 1252 (1932). 

I. Langmuir and J. B. Taylor, Phys. Rev. 40, 463 (1932). 

I, Langmuir, 7. Am. Chem. Soc. 54, 2798 (1932). See especially pp. 2816-2831. 
W. Schottky, Ann. d. Physik 62, 142-55 (1920). 

10 M. v. Laue, Sitzb. Preuss. Akad. Wiss. 32, 334-48 (1923). 

4 M.N. Saha, Zeits. f. Physik 6, 40 (1921), and Phil. Mag. 44, 1128 (1922). 
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on the one hand to », by Gibbs’ equation for the adsorption isotherm, and 
on the other hand to f(r), the law of force between adatoms, by the Clausius 
virial equation. The results indicated that the adatoms behave as dipoles of 
moment M oriented with their axes normal ‘to the surface, the positive end 
facing outward. The force of repulsion between adatoms at a distance r is 
thus f = (3/2) M*r-*, The moment M varies with the surface concentration o 
because of the depolarizing force produced by neighboring adatoms. 

From these values of M, by means of the Boltzmann and the Saha equations, 
values of », and », as functions of ZT and o were obtained and were found 
to agree well with those given by the experiments. 

Although this agreement may be regarded as justification of the use of the 
Gibbs and Clausius equations in the treatment of this problem, there are 
several theoretical questions that need more careful analysis. For example, 
the adsorbed film of caesium was assumed to be a monatomic film with all 
the adatoms in one plane. This raises the question as to the distribution of atoms, 
ions and electrons in the space near the metal surface. Are the adsorbed atoms 
all on the surface or do they constitute a miniature atmosphere extending some 
distance from the surface? . 

Since the distribution of electrons within the metal and close to its surface 
follows the Fermi rather than the classical distribution law, any accurate cal- 
culation of the forces acting between the adatoms and the underlying metal 
is a difficult problem in quantum mechanics. At distances from the surface 
only slightly greater than atomic dimensions, the laws of quantum mechanics 
rapidly approach those of the classical theories. 

The object of the present paper is to analyze the conditions of equilibrium 
between electrons, ions and atoms of an alkali metal vapor in an enclosure 
bounded by metallic walls. At large distances from the walls the canditions 
resemble those of the Debye-Hiickel theory of electrolytes. Then there is 
a region where space charge is the dominant factor. Still nearer the metallic 
surface the distribution is governed by the image force. Extremely close to the 
surface space charge again becomes important, but in this region the quan- 
tum rather than the classical laws are applicable. 

By this procedure of deriving knowledge of conditions near the surface 
from our more certain knowledge of the regions far from the surface, we shall 
avoid many of the difficulties that would be involved in an attempt to treat 
the surface conditions directly. 


I. State of Thermal Equilibrium in an Enclosure 


Consider an enclosure containing alkali metal vapor in thermal equilibrium 
at the temperature T. Let n,, n,, n, be respectively the average number of 
electrons, positive ions and atoms per unit volume at any given point within 
the enclosure. 
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Eletrical Pressure Resulting from Segregation 

At sufficiently high concentrations of ions and electrons the electrical forces 
between the particles must cause deviations from the ideal gas laws. Debye 
and Hiickel"? have developed the theory of such forces for electrolytic solutions 
and their equat ons are applicable to ionized gases. The effect of the charges 
on the ions and electrons is to cause each ion to be surrounded by an increased 
concentration of electrons (and vice versa), so that the lines of force eman- 
ating from the ion do not extend to infinity but terminate within a finite 
distance. We shall refer to this phenomenon as segregation.'* The potential 
in the neighborhood of an ion, instead ot falling off in proportion to 1/r, varies 
in proportion to (1/r) exp (—r/A), where the constant 4 may be called the 
Debye distance. Its value, calculated by Debye and Hiickel by simultaneous 
solution of the Boltzmann and Poisson equations, is 


A = (kT/420e*(n,+-n,))!* = 4.896 (2T](n,+-n,))2 em, - (2) 


where k is the Boltzmann constant 1.371 x 10-"* erg. deg.—? and e is the electro- 
nic charge 4.770 x 10-?° e.s.u. according to Birge."* 
The total pressure p exerted by the ionized gas is then 


p = nkT—e*(n,+-2,)/6(A+), (3) 
where n= n,-+n,+n,, and a is the effective distance of nearest approach 
of the ions and electrons, or, by combining with Eq. (2) and neglecting a com- 


pared to 4, 
p = nkT—5.476 x 10-*?(n,+-2,)*/*T-"? barye. (4) 


‘The first term in the right-hand member of Eq. (3) corresponds to the 
ideal gas law while the second term represents what may be called the electric 
pressure. As n,+n, increases, the total pressure rises at first in proportion to 2, 
but then more slowly until at a certain value (n,+-”,), the pressure reaches 
a maximum value py. We then have 


(2, +1,) ie = 4(RT)°/me* = 2.786 x 10°T? cm-*. (5) 


By analogy with van der Waal’s theory of the transition from the gaseous 
to liquid states, we may conclude that just before n,+m, reaches the value 
(n,+n,)y, the electric forces should make the gas phase unstable so that 
a condensed phase should appear in which there is a far higher concentration 
than given by (,+-7,),,. From Eq. (5) we see, however, that with temperatures 
of the order of 1000°K such instability would: occur only when the concen- 
tration of ions and electrons becomes about 3x 1017 cm-*, while for all con- 
centrations below about 10* the effect of the electric pressure may be neglected. 


18 P, Debye and E. Hiickel, Phys. Zeits. 24, 185-206 (1923), and P. Debye, ibid. 25, 97-107 
(1924); see also A. A. Noyes, ¥. Am. Chem. Soc. 46, 1080-97 (1924). 

18 See a paper entitled Forces near the Swiece of Molecules, I. Langmuir, Chem. Rev. 6, 
451-79 (1929), especially pp. 459-60 

“ R. T. Birge, Rev. Mod. Phys. 1, 1 (1929). 
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Very close to a metal surface, because of the electric image force, the con- 
centrations of ions and electrons may reach values as great as 101’, so that from 
the foregoing considerations we might expect a condensed phase to appear. 
We shall see, however, that other factors make this improbable unless negative 
ions are also present. 


Equilibrium Constants 
_ At concentrations so low that the electric pressure is negligible, the law of 
mass action gives 

K,, a NJty[Nas (6) 
where K,, the equilibrium constant for any given vapor, is a function only 
of temperature. The value of K,, as a function of temperature is found" to be 


K, = (@,0,/0,) [(20m,kT)/h*] x exp(— Upe/RT), (7) 
where U,, is the ionizing potential of the alkali atom at the absolute zero and 
the w’s are the statistical weights of the normal states of the free electrons, 
ions and atoms. For the vapors of the alkali metals these have the values 
o,=0,=2 and w,=1. Inserting Birge’s numerical values’* for m,, k 
and h, and expressing the concentration in terms of cm~’, we obtain 


K,, = 2.447 x 10'"5T*4 exp (—11,606U,/T), (8) 
where U, is measured in volts. For convenient calculation this may be written, 
log,) K, = 15.3886-+- (3/2) log,, T—5040 U,»/T. (9) 


The ionizing potentials of the alkali metals can be accurately calculated from 
the 1S terms in the spectrum. Taking the wave numbers given for these terms 
by Franck and Jordan” and dividing by 8106 as given by Birge,’* we obtain 
the following values of U,, expressed in volts: Cs, 3.874; Rb, 4.155; K, 4.318; 
Na, 5.113 and Li, 5.364. 

There are several other possible definitions of the equilibrium constant.” 


x 


K, = P.PpIPa (10) 


where p,, p, and p, are the partial pressures of electrons, ions and atoms. 
Since p = nkT, 


One in very common use is 


K, = kTK,. (11) 


In experiments with tungsten filaments in alkali metal vapors, we do not 
measure n or p directly, but determine the rate at which atoms, ions or elec- 


4 R.H. Fowler, Statistical Mechanics (1929), p. 281. 

1¢ J. Franck and P. Jordan, Handb. d. Physik, Berlin 23, 703 (1926). 

17 Much of the nomenclature used in the present paper and some of the methods of reducing 
non-equilibrium conditions to equilibrium were introduced in connection with a study of 
the dissociation of hydrogen into atoms, I. Langmuir, ¥. Am. Chem. Soc. 38, 1145-56 (1916.) 


22 Langmuir Memorial Volumes III 
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trons strike the filament surface or evaporate from it. Let u,, u, and yu, be the 
number of electrons, ions or atoms per unit time per unit area that cross 
any given imaginary surface in the gas. Classical kinetic theory then gives 


fe = p(2amkT)!? = n(kT/2xm)2. (12) 
For electrons'* m, = 9.035 x 10-*g, so that 
Ha = 1.554x 10°”,T12, (13) 


while for ions of molecular weight M (O atom = 16), m, = 1.649x 10-** M 
gram, giving 
Bb, = 3637n,(T/M)"?. (14) 
This may also be used for calculating y,. 
In terms of the pressure p, (in baryes) 


Ba = 2.653 x 10%, (MT)-"2. (15 

The rates of flow of electrons and ions to any metallic electrode are directly 
measurable as current. The current density J in amperes cm-? is thus 

I = eu = 1.591 x 107%. (16) 


Even the rate of flow of alkali metal atoms, 4, can be measured as a cur- 
rent I, by heating a filament to such high temperature that all atoms which 
strike it are converted to ions. We thus have two other useful equilibrium 
constants: 


K, = elplte and K,=1,1,/I, (17) 

The relations between these ‘‘constants” are 
K,, = (kT /2xm,)"K,, = 1.554 x 1077°K,, (18) 
K, = eK, = 2.472 10-“7"2K, amp. cm-. (19) 


Potential Distribution 


Since the relative numbers of electrons and ions emitted by the walls of 
the enclosure depend on the material of the walls, n, and 2, are not always 
equal and therefore there will be a space charge 0 = e(n,—n,). 

_ The potential distribution is related to @ in accordance with Poisson’s 
equation AV = —4z¢. 

In a state of thermal equilibrium and at concentrations so low that the 
electrical pressure is negligible, the distribution of ions and electrons is given 
by the Boltzmann equations, 

n, = Nye", n= Noée~", (20) 
where 7 is a dimensionless parameter proportional to V defined by 
n = Ve/kT = 11,600V/T (21) 


if V is measured in volts. The zero of potential is taken to be that which 
makes n, = n, = no. 
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The value of ny is readily obtained from Eq. (6) by placing 2, = n, = ny 
so that 


ni — n.K,. (22) 


If with any given value of m, the enclosure is made of sufficiently large size, 
n, and m, will be practically equal throughout the enclosure except near the 
walls. If we neglect, for the present, forces acting on the ions or electrons due 
to the charges they induce individually on the walls (image force), we find that 
the potential distribution near any plane bounding surface is given'® by 


x = A, In (tanh (7,/4)/tanh (7/4)) (23) 


where A, is the Debye distance obtained from Eq. (2) by putting 2, = n, = mo, 
and x is the distance from the wall to any point whose potential is V. The 
value of 7, is found by substituting V = V, in Eq. (21), V, being the potential 
at the wall (x = 0). 


Expansion of Eq. (23) gives 
%/Aq = In tanh (|1,|/4)—In (|n9|/4)+(1/48)y*—(7/23,040)n*+---. (24) 


In all the cases that are of interest to us |7,|> 1. For small values of 7, 
that is, when 7?< 1, we may neglect the first term of the second member 
of Eq. (24) so that the equation reduces to 


In| = 4e-*/, (25) 


The potential thus falls to 1/eth value for each increment of x equal to the 
Debye distance 4). The potential and the, concentrations become uniform at 
a distance from the wall which is a small multiple of A). 

When 7? > 1, Eq. (20) shows that there are particles of only one sign present. 

We see that there are two rather distinct regions to be considered. In the 
interior of the enclosure where 7?< 1, and n, is approximately equal to n,, 
we have a typical plasma? in which there are only weak fields and the logarithm 
of the potential varies linearly with distance in accord with Eq. (25). Close 
to the walls where 7? > 1 are typical sheaths where there are strong space charges 
due to charged particles which are all of the same sign. These sheaths, however, 
differ from those near collectors in gaseous discharges in that here, under 
the equilibrium conditions that prevail, there are present the trapped elect rons 
(or ions) necessary to give the complete Maxwell-Boltzmann distribution. 
This produces an extremely rapid change in potential very close to the walls. 


18 Equations equivalent to Eq. (23) have been derived for electrolytic solutions by K. F. 
Herzfeld, Phys. Zeits. 21, 28 (1920), and for ionized metal vapors by M. v. Laue, Preuss. Akad. 
Wiss. Berlin, Ber. 32, 334-48 (1923), see p. 340; Handb. d. Radiologie VI, 472-8 (1925); 
R. H. Fowler’s Statistical Mechanics, Cambridge Univ. Press (1929), p. 283. 


19 T. Langmuir, Phys. Rev. 33, 954-89 (1929). See particularly pp. 964, 979, 980. 
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Potential and Concentration in the Space Charge Sheath 
Since within the sheath particles of one sign predominate, we may con- 
veniently omit the subscripts p and e in designating the concentration and use 
n to represent the concentration of the particles which are present in excess 
while n’ is used for the particles present only as a minority. Thus by Eq. 
(20) we have 
n =m, exp (|n|), 2" = mq exp (—|n]) (26) 
and 
nn’ = nn, = n2. (27) 
We may let m, be the value of m at the surface of the electrode, i.e., at 
x = 0. The value of n, depends on the electron emission or the positive ion 
emission (whichever is larger) from the metal surface, in accord with Eqs. 
(13) or (14). 
Eq. (23) may now be put in a more convenient form by substituting a new 
variable defined by 





u = exp (—|y|/2) = (n/n). (28) 
We thus obtain for u< 1 
1—u ues 
In tanh (n/4) = In I+u = —2[u+-S4+e4.}. (29) 


If (1/3)u* can be neglected compared to unity, each member of Eq. (29) 
equals —2u and thus Eq. (23) reduces to 


xx, = 2Agu = 2A, (no/n)¥/2, (30) 


where x, is a parameter having the dimensions of a length, which we may call 
the v. Laue distance. Its value is 


Xy = gu, = 2Ay (n/m). (31) 


If we introduce the value of A) as given by Eq. (2) these equations may be 
written r 


xox, = (RT|2netn)? = 9.792(T|n)"* cm, (32) 
x, = (kT|2ne*n,)!2 = 9.792(T/n,)? cm. (33) 


These equations give the distribution of the concentration n within the space 
charge sheath. The concentration n’ of the minority particles is readily calcu- 
lated by Eq. (27) from m, as given by Eq. (22). The potential distribution 
is given by Eq. (26). The 3rd column of Table I gives the values of x, 
for a series of values of n,. 

Within the plasma the potential distribution is given by Eq. (25) while 
within the sheath it may be obtained from Eq. (32). Although the boundary 
between these two regions is of course not sharp, there is a narrow region in 
which both Eqs. (25) and (32) are approximately fulfilled. Thus if we place 
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|n| = 1.5 (or V = +1.3X10-‘T volts) we find that Eq. (25) gives x = 0.98A), 
and Eqs. (30) and (28) give x = 0.9454), while the rigorous Eq. (23) gives 
x = 1.026A). 


Sheath Adsorption 


If the radius of curvature for all parts of the surface of the enclosure is 
large compared to 4), we may look upon the ionized gas as constituting a field- 
free and electrically neutral plasma except within plane sheaths covering the 
walls. These sheaths have many properties which may profitably be consid- 
ered as belonging to the metal surface which they cover. For example, the 
excess or deficiency of ions integrated throughout the thickness of the sheath 
is a part of the total adsorption by the metal surface. There is also a surface 
free energy or negative surface tension associated with the sheath which, in 
thermodynamical calculations, is to be included in the spreading force F 
of the adsorbed film on the surface. For such purposes, of course, the effects 
due to the fields extending into the plasma for distances several times A, should 
be included with those in the sheath proper. 

Let o, be the total amount per unit area of adsorbed material in the form 
of positive ions within the sheath, so that 


= J (ty—M9) dee. 


Inserting the value of m, from Eq. (20) and expressing dx in terms of 7 by dif- 
ferentiating Eq. (23) we obtain 

oy = 2g (e-*—1). (34) 

If we replace 7, in this equation by 7, 0, becomes the total amount ad- 

sorbed per unit area in that part of the sheath which lies between the plasma 

and the plane at which the potential corresponds to 7. Eliminating 7 by means 
of Eq. (20) and inserting the value of A, from Eq. (2) we get 

o, = (kT /2ne*)}?(n,\2—n,1). (35) 

If the potentials in the sheath are positive, n,< m, and there is, according 

to Eq. (34), a negative adsorption in the sheath which cannot exceed 21 Ap. 

With negative sheath potentials, however, the positive ion adsorption is positive 

and rapidly becomes equal to 4n)J3/x,. In this case it can be shown by 


Eqs. (34), (28), (30) and (31) that half of the total amount adsorbed within 
the sheath lies within the distance x, of the surface. 


Surface Tension in the Sheath 


M. v. Laue?® has calculated the surface tension resulting from an electron 
sheath on the surface of a hot metal. For this purpose he adds the total energy 
of the electrostatic field per unit area to the total force per unit length exerted 


#0 Max v. Laue, Jahr. d. Radioakt. 15, 238 (1918). 
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by the electron atmosphere on a plane perpendicular to the sheath. These 
two effects contribute equally to the resulting surface tension. 

Carrying through a similar calculation for the sheaths produced with ion- 
ized metal vapor that we are now considering, we obtain rigorously 


U, — (kT)? e(2n} “If aE (36) 
or 
U, = 1.342 « 10-37? (nt 42 ©} erg- cm, (37) 


where U, is the total electrostatic energy per sq. cm between the interior of 
the plasma and the plane at which the ions and electrons have the concentra- 
tions n, and n,. Since the pressure of the electrons and ions (in excess over 
that in the plasma) contributes an equal part, the surface spreading force is 


F=2C.,. (38) 
If 2, >n,, the value of F is the same as that given by the equation derived 
by v. Laue. 


Comparison of F and co, by Gibbs’ Equation for Adsorption 
The general statement of Gibbs’ law for the adsorption isotherm” is 


dF/d\n a = okT, (39) 


where F is the spreading force, a is the activity of the adsorbed vapor in 
the gaseous phase in equilibrium with the solid, and o is the number of atoms 
adsorbed per unit area. The derivative dF d In a represents the rate of change 
of F when In a is changed by altering the concentration in the gas phase while 
the surface area of the adsorbing surface is kept constant. 

This equation should be applicable to the values of F and o, which we 
have obtained in Eqs. (35), (36) and (38). Let us eliminate a, by Eq. (20) 
and thus obtain 


F = 2kTB (n}?—ni?), (40) 
0, = B[mo— (n)' 7); (41) 

where 
B = (kT)2xen,)"? = 9.792T?n3 2. (42) 


In these equations n, represents the electron concentration at the metal 
surface, or rather at a distance from the surface at which the image force 
is negligible. 

Let us now consider a case in which n, is determined by the electron emis- 
sion characteristic of the material of the walls unaffected by the presence of 
adsorbed films which might alter the contact potential. This condition can 
readily be realized at high temperatures, and particularly with metals having 
high electron emissivity which have little tendency to adsorb ions. 


*1 Thermodynamics by Lewis and Randall, McGraw-Hill (1923), pp. 250 and 251. 
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Eq. (39) can be written 
Ina = {dF/o,kT. (43) 


Inserting the values of F and go, and integrating, taking , to be constant, 
we obtain for all values of n, 


a = const. Xn} = const. Xn,. (44) 


Thus we see that the values of F and a, are consistent with Gibbs’ equation. 
The activity a is proportional to'the concentration n, of atoms. This result 
is in accord with the ordinary use of Gibbs’ equation. Since in all practical 
cases m, is negligibly small compared to n,, the degree of ionization in the 
plasma is not enough to influence the activity a. In Langmuir and Kingdon’s® 
previous use of the Gibbs equation, they erroneously took the activity to be 
proportional to 2, and were thus led to draw the incorrect conclusion that 
under certain conditions caesium adatoms attracted one another. 


II. Conditions at Plane Metallic Surfaces 
Electric Image Forces 


The essential characteristic of metallic conductivity is that no steady electro- 
static field can be maintained within the conductor except by the continual 
expenditure of energy. Under equilibrium conditions the surface of any metal 
must be an equipotential surface. If an electric field E exists outside the metal 
so that lines of force reach the metal surface, the direction of the field at the 
surface must be normal to the surface, and since these lines must terminate 
at the surface, there must be a surface charge s given by E = —4as. 


Potential Distribution 

The potential distribution in a region containing space charges near a plane 

conducting surface is ordinarily calculated by Poisson’s equation 

@V /dx* = —4n0 (45) 
together with the boundary condition V = constant over the conducting sur- 
face. The electric force acting on any electron is then edV/dx (or—edV/dx 
for a positive ion of charge+-e). 

This method, which considers a continuous distribution of charge, is strictly 
justifiable only if the effects due to the discrete nature of the electric charges 
are negligible. | 

The obvious need, under certain conditions, for modifications in the theory 
to take into account the actual discontinuous distribution, has led to frequent 
confusion, to numerous errors and to much discussion. It seems worth while, 
therefore, to examine rather critically the nature of the forces acting on elec- 
trons or ions which are close to ideal metallic surfaces (equipotential surfaces). 

In free space the potential at distance r from a point charge e is e/r; but 
if this point charge lies at a position A close to a semi-infinite mass of metal 
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bounded by an equipotential plane surface S, the potential at any point P 
outside the metal is equal to (e/r)—(e/r’). Here r is the distance from P 
to A’, where A’ is the electric image of A in the surface, A and A’ being sym- 
metrically located with respect to S. Thus with any number of charged particles 
the potential at P is 

V = Z(e/r)—Z (e/r’). (46) 


A term corresponding to the image potential is absolutely necessary in 
order that S may be an equipotential surface. It is, however, equally possible 
to write the equation in the form 


V = E(elr)+ {dsir,, (47) 


where s represents the surface charge density at any point on the surface whose 
distance from P is r,. The integration is to be carried over the whole surface S. 

Since the charged particles to be considered are moving rapidly (velocities 
negligible compared to light), it is obvious that the potential V at any point 
will fluctuate with time. The value of V given by Eq. (46) is thus to be regarded 
as an instantaneous value corresponding to any given instantaneous positions 
of the particles. We can use such values of V to calculate the instantaneous 
force which the potential field would exert on a small charge placed at the posi- 
tion P, but must be careful not to use these fluctuating values of V to calculate 
changes in the energies of a charged particle at different times. For example, 
in general it will not be true that AVe = A(4mv*). 

This use of Eq. (46) theoretically gives a complete general solution for the 
potential distribution and should be used whenever the detailed effects of the 
discontinuous distribution are to be taken into account. However, we ordin- 
arily do not know the instantaneous positions of all the charged particles: 
we know only certain average values of the concentrations. The problem of 
greatest present interest to us is to determine how the concentration m of 
electrons or ions varies close to a metallic surface. We need then to adopt 
a suitable definition of n. 

Jeans** discusses the relative merits of several definitions for the density 
of a gas. If the distribution of matter were continuous, the density would 
normally be defined as the limiting value of m/v, the ratio of mass to volume, 
as uv shrinks to infinitesimal size. But with a discontinuous distribution the 
limit of m/v is zero for all elements of volume except those containing a par- 
ticle, and is infinite for the latter. 

With an infinite quantity of a homogeneous gas consisting of molecules, 
the density could be defined as the limiting value of m/v as v is increased 
indefinitely. 

For gases which are neither continuous nor homogeneous, Jeans finds it 
impossible to choose a rigorous definition but adopts as a practical one the 


3 J. H. Jeans, Dynamical Theory of Gases, Cambridge, 2nd Edition (1916), p. 14. 
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ratio m/v in which v is taken of such size that it ‘‘may, without appreciable 
error, be supposed to be infinitely great in comparison with the distance between 
neighboring molecules, and at the same time infinitely small compared with 
the scale of variation of density of the gas.’’ Very close to a metal surface 
we shall see that the density may vary enormously within distances far less 
than the average distance between neighboring molecules, so that Jeans’ defini- 
tion of density becomes meaningless. 

We are, however, interested primarily in systems in equilibrium which 
are not assumed to be undergoing any progressive change with time. The 
difficulties of Jeans’ definitions are thus completely avoided if we adopt 
Fowler’s®® suggestion that time averages instead of space averages be used. 
Thus if v is a small volume enclosing the point P, and N is the number of 
electrons within v at any given time t, we may define m as the limiting value 


of [f (N/v)dt]/t as we let t approach infinity and then make v infinitesimally 


small. 

The probability that a particle will occur at any instant of time within dv 
is thus n dv. As an alternative definition of m we may say that n is the pro- 
bability per unit volume for the occurrence of an electron at P. We see then 
that n varies continuously throughout space, although at each instant the distri- 
bution of charge is discontinuous. 

Similarly in dealing with other properties which characterize assemblies 
of electrons and ions in equilibrium, we should deal with time averages. Thus 
in the Boltzmann equation™ n = n,e*7, both m and V are time averages and 
are not instantaneous values or local values. 

We have seen that Eq. (46) enables us to calculate the instantaneous po- 
tential V for any given distribution of charged particles near a surface. If, 
however, we use this equation to find the time average potential V in a series 
of successive intervals, it becomes 


V = {ne dvjr—fne dojr’ (48) 


where the first integral extends through the space outside the metal, while the 
second covers the corresponding hypothetical space on the other side of S. 
This equation is, however, exactly equivalent®® to Poisson’s equation with 
@ = ne, and with the boundary condition V = 0 at the surface S. 
Therefore we are justified in using the Poisson equation alone, instead of 
Eq. (46) or (47), whenever we wish to know merely the average potential V. 
There is thus no need to take into account the discrete nature of the charged 
particles in calculating.the potential distribution for use in connection with 


** R. H. Fowler, Statistical Mechanics, Cambridge (1929), p. 8. 


™ R.H. Fowler, Statistical Mechanics (1929), see pp. 48 and 188. 
* See Handb. d. Physik 12, 375 (1927). 
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the Boltzmann equation. This is true even though the average distance between 
the charged particles is large compared to the distance of the particles from the 
surface of the metal.** 

We shall have occasion to consider the discontinuous distribution of space 
charge in determining the conditions under which the ideal gas laws may be 
applied to concentrated space charges very close to metal surfaces.?’ 


Forces Acting on an Electron 


A single electron located at a point A, at a distance x from a plane con- 
ducting surface S, is acted on by a force e*/4x* drawing it toward the surface. 
This force is equal to that which would be exerted on the electron at A by 
an equal positive charge at the image A’ and is therefore usually called the 
image force. 

Let us now consider the force acting on an electron B in an ionized gas 
close to a plane metallic surface. We have seen in the foregoing section that 
the average potential V at any point P can be calculated from n by Poisson’s 
equation. It should be noted, however, in this calculation that no electron was 
assumed to be located at P, that is, the probability per unit volume for the 
occurrence of an electron at P was taken to be the same as at other points 
in the neighborhood of P. 

In order to calculate the force on the electron B we must now consider 
that the electron is definitely located at P. This introduces an unsymmetrical 
element which was entirely absent in our calculation of 2 and V as average values. 
At P, the probability of the presence of an electron now becomes unity so that 
n = oo at this point. In a similar way V = — oo at P. It is customary to avoid 
this difficulty by ignoring the presence of the electron at P in calculating V. 
The force acting on the electron at P is then taken to be e dV/dx. 

Although we can ordinarily properly ignore the effect of the electron at 
P in calculating, by means of Poisson’s equation, the forces resulting from the 
action of all the other electrons and ions, it is clear that in this way we do not 
allow for the image force** corresponding to the image at P’. 


*° R.S. Bartlett in a recent paper, Phys. Rev. 37, 959-69 (1931), especially on pages 958 
and 969, questions the validity of Poisson’s equation when used in this way. He seems to think 
that Poisson’s equation is applicable accurately only when the distance between neighboring 
electrons, n~1/* (?) is small compared to x, the distance to the surface S. Failure to distin- 
guish between instantaneous and average values of V has probably led to this conclusion. 

*7 Methods of calculating the magnitude and the frequencies of the potential fluctuations 
in ionized gases have been discussed by I. Langmuir, Proc. Nat. Acad. Sci. 14, 628-37 (1928), 
especially pp. 632-4. See also L. Tonks and I. Langmuir, Phys. Rev. 33, 195-210 (1929). 

7° In M. v. Laue’s paper dealing with the potential distribution resulting from electron 
space charges in equilibrium with metal surfaces (Jahrb. d. Radioak. und Electronik 15, 207 (1918)) 
he ignored the image force in some problems where this force is of vital importance. In a sub- 
sequent paper (ibid. 15, 302 (1918)) he attempted to justify this omission by arguing that the 
ordinary space charge treatment includes the effect of the images. Schottky (Phys. Zeits. 20, 
220 (1919)) pointed out that this conclusion is justified for the images of all the electrons except 
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Fowler?® shows that a rigorous calculation of the distribution of electrons 
and ions near a surface would involve an averaging of the effects of all mo- 
vable charges in the ‘‘assembly,” including those within the metal. Since 
‘‘such a procedure seems to be far beyond our resources at present, a cor- 
rection is necessary for the polarizing effect of the individual ion (or electron) 
on the metal surface.”” A consideration of the image force e*/4x* which con- 
stitutes just such a correction should give accurate results whenever we are 
justified in regarding the metal surface as an equipotential plane surface. 

The forces acting on a given electron at P are of three types: 

Type 1. The force e(dV/dx) due to the potential field V as given by Eq. 
(48), or by Poisson’s equation, from values of , and n, obtained by ignoring 
the presence of the electron at P.. Since n, and z, will be uniform over any 
plane parallel to S, Poisson’s equation takes the form 


dV |dxt = 4ne(n,—n,). (49) 


Type 2. The electric image force e*/4x* corresponding to the image at P’. 

Type 3. The force that results from the segregation of electrons (or ions) 
in the neighborhood of P in accord with the Debye-Hiickel effect. This force 
must also include that due to the image of the segregation. Because of this image 
effect, the displacements of the charges produced by the presence of the electron 
at P will not have spherical symmetry about P. 

This rather arbitrary separation of the force into 3 parts has the advantage 
that it throws the whole difficulty of the calculation into the third part. If it 
can be shown under any given conditions that the forces due to segregation 
are negligible, the problem can usually be readily solved. 


Potential and Motive 


Much confusion can be avoided by analyzing a little more closely the con- 
cept of electric potential when used to calculate the forces acting on an electron. 

The general concept of potential (Newtonian) is that of a scalar quantity 
whose gradient is used to represent a vector field having no curl. We ordina- 
rily conceive of a static electric field as a state of space which acts on a particle 
having a charge e to produce a mechanical force F which is proportional to e. 

In order not to disturb unduly the distribution of neighboring charges, 
it is customary to postulate that the charge used to measure any given electric 
field shall be small. 

Logically, therefore, the field intensity E should be measured by dF/de 
for e = 0. This definition is consistent with common usage in all ordinary 
cases. 


that of the electron on which the force is acting. Later v. Laue (Sitzber. Preuss. Akad. d. Wiss. 
32, 340 (1923)) acknowledged the correctness of Schottky’s criticism and added an excellent 
discussion of the true character of the image force. 


** R.H. Fowler, Statistical Mechanics (1929), p. 283. 
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The electric image force e?/4x* which acts on an electron or ion near a plane 
conducting surface varies in proportion to the square of the charge and thus 
the value of dF/de is zero for e = 0. The image field which acts on the electron 
differs radically from ordinary electric fields in that its existence depends 
upon the presence of the electron upon which it acts. It is important to re- 
cognize clearly this distinction between these two types of field. 

The vector field corresponding to the ordinary electrostatic field (EZ = dF/dx 
for e = 0) may be represented by the potential V. We may consider either 
the instantaneous potential V or the average potential V. In the former case V 
can be determined by Eq. (46) or by Laplace’s equation which must hold 
everywhere except inside of the electrons. The average potential V at a point P, 
which is usually of more interest to us, can be determined by Eq. (48), or 
by Poisson’s Eq. (49), from the average values of m, and n,, excluding any 
effects due to the presence of an electron at P. 

The image force which acts on an electron at any point P, because of the 
presence of any neighboring conductor, varies in magnitude and direction 
as P is moved throughout the available space. Thus the image force also cor- 
responds to a vector field. Under equilibrium conditions this field will have 
no curl and may therefore be represented by a potential. However, this po- 
tential has very different characteristics from either V or V. For example, 
it will not satisfy Laplace’s equation, and if it is substituted into Poisson’s 
equation in order to calculate the space charge, values of g or m are found which 
are purely fictitious, having no relation to actual space charges present. 

To avoid confusion it seems desirable to adopt different terminology in 
describing these various kinds of potential. It seems useful to reserve the 
term potential, in electrical problems, to represent the fields which may be sup- 
posed to exist in space independently of the presence of a charge on which 
they act. It has been proposed®® that the potential of the vector field correspond- 
ing to the forces which act on an electron or ion be named the motive, as an 
abbreviation of what the electrochemist calls ‘‘electromotive force.” The mo- 
tive M is thus defined as a scalar quantity whose gradient in any direction and 
at any point represents the force component per unit charge which must be 
applied to an electron or ion to hold it in equilibrium at the given point. Thus 
each particle tends to move towards a point where the motive is a minimum. 

The force F, exerted by the motive field on an electron at the distance 
x from a plane conducting surface is thus 


F, = —dMe/dx = e(dV |dx)—e?/4x?, (50a) 
while on a univalent positive ion the force would be 
F, = —dM,/dx = —e(dV[dx)—e*/4x*. (50b) 


°° IT, Langmuir and K. H. Kingdon, Proc. Roy. Soc. A107, 68 (1925), and K. T. Compton 
and I. Langmuir, Rev. Mod. Phys. 2, 152 (1930). 
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By integration we thus obtain for an electron 


M, = —V—(e/4x) = —V—3.575 x 10-°/x volts (51a) 
and for a positive ion, 
M, = +V—(e/4x) = +V—3.575 x 10° °/x volts. (51b) 


In these equations e represents the numerical value of the electron charge, 
i.e., e is always taken to be positive. 

The motive thus consists of two parts: one being the ordinary potential 
V and the other the image motive —e/4x. It should be noted that with the 
image motive no distinction need be drawn between instantaneous and average 
values for they are identical. Since, however, there are these two kinds of 
potential, we must also distinguish between instantaneous and average values 
of the total motives M, and M,,. 

The essential differences between the image motive and the potential result 
from the fact that the former owes its origin to a displacement of electrons 
in the metal by the action of the electron at P. The fields set up by the segre- 
gation of electrons and ions around given ions in ionized gas, according to 
the Debye-Hiickel theory, are clearly motive fields and not potential fields, 
since they also depend for their existence on the definite presence of a charged 
particle at a given point. We see then in accordance with our classification 
of the forces acting on an electron at a point P into 3 types, that the motive 
M, will consist also of three parts: the potential —V, the image motive —(e/4x) 
and the ‘‘segregation motive.” 

Distribution of Electrons and Ions 


Since the work done in moving a charged particle from one place to another 
is determined by the motive instead of the potential, it is clearly the motive 
that should occur in the exponent of the Boltzmann equation. Making this 
modification in Eq. (20) and introducing the value of the motive from Eq. 
(51) we obtain 
sh n, = me"e* 


(52) 





—_ — 2 jz 


where x, is a parameter having the dimensions of a length which we may 
call the Schottky distance.* Its value is 
x, = e?/4kT = 4.149x 10-4/T cm. (53) 
Double differentiation of Eqs. (51) and combination with Poisson’s Eq. 
(49) gives 
d*M,Jdxt = —4ne ieee (54) 
d*M,/dx* = —4ne(n,—n,+ny,), 


*1 This parameter occurs in the equations first deduced by W. Schottky, Phys. Zeits. 15, 
872 (1914). 
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_ where 


Ny = 1/(8x*) = 0.0398/x°. | (55) 


Comparison with Eq. (49) shows that the motive distribution is in accord. 
with Poisson’s equation only if we are willing to consider®* a fictitious space 
charge en, whose effects thus replace those of the image force. 

This form of expression has the advantage that it enables us to determine 
the relative importance of true space charge and image force (m,;) as factors 
determining the distribution of charged particles. If |n,—n,| >n,, then the 
effects of the image force are negligible and our previous treatment which 
led to Eqs. (23) and (32) is adequate. 

Since n, increases very rapidly as x decreases, there must always be a region 
close to a metallic surface where n, becomes much more important than 2,—n,. 
We shall refer to this region as the image sheath. 


Image Sheath in Neutral Ionized Gas 


We may gain a clearer insight into the nature of the image sheath by con- 
sidering the effect of image forces on an ionized vapor containing equal 
numbers of electrons and ions so that 2, = n,. In this case even within the sheath 
there is no space charge and potential fields (V) are absent so that the mathe- 
matical treatment is much simplified. 

By putting 7 = 0 in Eq. (52), the concentration of both electrons and ions 
is found to be 


n=n,es!*, (56) 


The excess concentration n—m, integrated between two values of x, say 
x, and x, gives the sheath adsorption between these planes. Let us choose 
both x, and x, large compared to x,; then we may expand the exponential 
and by integration obtain 


o = nox, [In (x—/x,)+ 5%, (%2—%1)/*i%a +--+]. (57) 


If we let x, increase without limit, we see that the logarithmic term causes ¢ 
to approach oo. This indicates that an image force varying inversely as x* 
falls off so slowly with increasing distance that it would caus¢ an infinite total 
adsorption for a semi-infinite enclosure bounded by a plane metallic surface. 
This difficulty disappears if we consider the Debye-Hiickel segregation. The 
range of the image force cannot exceed a distance comparable with the Debye 
distance 4 given by Eq. (2). 

Debye and Hiickel'® have shown that the potential at a distance r from 
an ion in an ionized gas is 


V = (e/r) exp (—1/A). (58) 





38 I, Langmuir and K.H. Kingdon, Proc. Roy. Soc. A107, 69 (1925). 
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The attractive force F between a positive and a negative ion (or electron) 
at a distance r apart is thus 


F = e dV |dr = (e/r*) (1+r]A) exp (—r/A). (59) 

The plane which is perpendicular to and bisects the line connecting the 
ions is an equipotential surface (V = 0) and therefore may be replaced by 
a metallic conductor without altering the force F. Putting r = 2x in Eg. (59), 


where x is now the distance from one ion to the plane, we have for the image 
force acting on an ion in a neutral ionized gas 


F = —(¢/4x*) (142x/2) exp (—2x/a). (60) 
The motive M is then found by integration to be 
M = (e/4x) exp (—2x/A). (61) 


For small values of x this does not differ appreciably from that given by 
Eq. (51). The sheath adsorption o between x and oo is then given by 


co 


g/m, = f {exp [(x,/x)e-*"]—1} dx. (62) 


Although according to Eq. (2), 4 is a function of m, it will remain substan- 
tially constant until x decreases to a value comparable with x,, for by Eq. 
(56) is also constant and equal to m, within this region. 

When x< x,, however, the exponent 2x/A is very small compared to unity 
even after m has increased considerably, since x,< A. Thus in Eq. (62) we 
may take A to be constant and equal to Ao. If now x < A, integration gives 


a|ny = x, Ei (x,/x)—x, In (2.334x,/A,) +x(1—e#”). (63) 


If we take x < x,, which is the only region where there is appreciable 
adsorption, we can use the semiconvergent expansion for the exponential integral 
Et obtaining 

a|ny = (x?/x,) exp (x,/x)—x, In (2.33 x,/Ap). (64) 


This equation gives the sheath adsorption caused by a plane metallic surface 
in contact with a neutral ionized gas, taking into account the Debye-Hiickel 
segregation. 

Let us now consider the conditions that must be fulfilled in order that 
n, = N,. 

By dividing Eq. (13) by (14), the condition for equality of n, and n, is 
seen to be , 

Help = 42.73 M22, (65) 


Thus for caesium (M = 132.8) a neutral ionized vapor occurs if the amount 
of adsorbed caesium is such that the electron emission is 492 times as great 
as the ion emission. From equations based on Taylor’s experimental data® 
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we find that this value of the ratio of the emissions corresponds to a film for 
which the contact potential V (in volts) against a clean tungsten surface is 
given by 
V = 2.754—2.50 x 10-*T+-9.24 x 10T logis ua, (66) 


where T is the temperature of the tungsten surface. Taylor’s data give an 
equation® which expresses 4, as a function of JT and a, and also give V as 
a function of o. For any given value of T we then have three equations for 
determining yu,, V and a. 

In order to get a better idea of the magnitudes of the quantities involved, 
let us consider an enclosure at 1000°K containing such a pressure of caesium 
vapor that 2, = n,. Putting T= 1000 and solving the three equations we 
find u, = 6.1x 10 atoms cm sec-4; V = 1.621 volts and o = 8.0x 10" 
atoms per cm? of true surface which is 22.3 per cent of the surface concentra- 
tion corresponding to a completely covered surface.** To give this value of 
4, the caesium pressure at 1000°K must be 0.0084 barye and the atom concentra- 
tion is n, = 6.1310. This concentration of Cs will also be produced in 
an enclosure at 1000°K if this is connected to a bulb containing saturated 
caesium vapor at 34°C (at which temperature the pressure is 0.00465 barye) 
since in this case also u, = 6.1 10". 

By Eq. (9) we find at 7 = 1000 that K = 2.29 and thus by Eq. (22), 
placing n, = 6.13 10'°, the concentration of electrons and of ions in the 
enclosure is m) = 3.75 10°. Eqs. (13), (14) then give uw, = 1.85x10" and 
Lt, = 3.74 10°. Corresponding to these, the electron emission is 2.9x 10-7 
and the ion emission 6.0 x 10-1° ampere cm-?, currents which are easily measur- 
able. 

By an analysis® of the experimental data it is also possible to deduce the 
following properties of the caesium film (at 1000° and @ = 0.223). Let U 
be the heat of evaporation at constant pressure expressed in volts and defined 
‘in accord with the Clapeyron equation 


-—2(20p) A (208 1kT (67) 
é 0(1/T)}o é 0(1/T)/e 2e’ 
where e/k = 11,606 degrees per volt. The data give U, = 2.45; U, = 3.32; 
U, = 3.22 volts. The ionizing potential, which has a temperature coefficient 
(5/2)(R/e) is 4.09 volts at 1000°. These values satisfy Eq. (1). The spreading 
force F of the adsorbed film is 43.2 dynes cm (of which 14.6 corresponds 
to the ideal two-dimensional gas law F = okT). The dipole moment M of 
the adatoms (which is related to the contact potential V by the relation 
V = 2n0M) is M = 10.87x 10°. 

** In Taylor’s experiments 0.5 per cent of the tungsten surface was found to adsorb caesium 


much more strongly than the rest. The values of o and the covering fraction @ used in the 
present paper are those corresponding to the homogeneous part (99.5 per cent) of the surface. 
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For comparison with these data it is of interest to give those corresponding 

to very low values of o where the atoms do not affect one another. In this 
case for ¢ = 0 at 1000° we find U, = 2.83; U, = 2.09; U, = 4.84; U, = 4.09. 
The dipole moment is M = 16.2x10-**. 
_ Let us now apply Eq. (64) to calculate the adsorption within various parts 
of the image sheath for the case T = 1000, 6 = 0.223. From n, and T we find 
by Eq. (2) 4) = 0.252 cm. The Schottky distance x, by Eq. (53) is 
x, = 4.15x 10-7 cm. The total adsorption beyond x = 10-’, according to 
Eq. (64), amounts to only o = 2.5 ions and electrons per cm-*. For x =5 
x 10-® cm this has increased to 910, and to 93,000 at x = 3x10-*. To give 
the observed value o = 8.0x10* for the total adsorbed caesium we should 
have to place x = 1.15x10-® cm. 

Of course at such small distances from the surface the concept of image force 
becomes rather indefinite. Let us, however, see what results are obtained by 
the application of the equations we have derived and later we shall discuss 
what modifications are needed to take into account the special conditions 
very near the surface of a metal. 

The attractive forces which act on the ions and which hold them on the 
surface as an adsorbed film must be balanced by a pressure or by repulsive 
forces. In the image sheath, insofar as the Boltzmann equation is applicable, 
the pressure gradient balances the attractive force. But the forces of attraction 
which hold the ions in the adsorbed film on the surface must be balanced by 
repulsive forces of another kind, any accurate knowledge of which must involve 
quantum theory. Let us assume provisionally that the image force acting 
on these ions is still e*/4x, but that this is balanced by a repulsive force 
which varies inversely with a much higher power of the distance. The repulsive 
forces then contribute only a small part to the potential energy of the adions 
and for the present we shall neglect them. Then the heat of evaporation of 
the ions U, is equal to the change of motive as given by Eq. (51) or (61) 
so that 


U, = e/4x = 3.58 x 10-*/x volts. (68) 
Introducing the experimental value for U, = 3.32, we find x = 1.07 


x 10-® cm in fair agreement with the value 1.15 x 10-° obtained from the total 
image sheath adsorption by Eq. (64). 


The dipole moment M should be related to x by the relation 
M = 2ex = 9.54X 10x. (69) 
Substitution of the experimental value M = 10.87x10-® gives x = 1.15 
x 10-* again in good agreement with that given by Eq. (64). 


~ According to Eq. (64) the concentration of electrons and ions should increase 
equally as the surface is approached. The fact that the adsorbed caesium gives 
a film having a contact potential of 1.62 volts against clean tungsten prove s 
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that the concentration of ions must increase faster than that of the electrons. 
In other words the forces acting on the ions are greater than those acting on 
the electrons. 

At these small distances it becomes important to know the location of the 
surface from which x is measured. We have so far considered that the metal 
acts as an idealized perfect conductor with a plane surface. Actually, how- 
ever, as we shall see later from a consideration of Fermi’s theory and of Nord- 
heim’s theory of the distribution of electrons near a metal surface there is an 
electron atmosphere of high concentration extending roughly 4x 10-® cm out 
beyond the potential barrier which may be thought of as the boundary of the 
metal. The ‘‘reflecting plane” analogous to that of the idealized conductor is 
thus located at a level at which the electron atmosphere has some definite con- 
centration. 

The effect of the presence of an ion near the surface may be to raise the 
level of this reflecting surface under the ion whereas an electron would depress 
the reflecting surface. 


Image Sheath in.Unipolar Gas 

If the particular relation between the electron and the ion emission from 
the surface needed to make n,—x, is not fulfilled, then in general the sheath 
will contain only particles of one sign. Beyond the range of the image force 
the distribution is given by Eqs. (32) and (33). We now need to consider how 
these equations must be modified within the image sheath. 

A complete solution of the problem, which may theoretically be obtained 
from Eqs. (54), (55) and (52), is in general not practicable. However, by making 
use of the fact that x, << x, under all experimental conditions, it is possible 
to treat the problem in a simple way. By comparing Eqs. (33) and (53) we see 
that 
x, <x, whenever 


n, X 8(kT)*/me* = 5.57 x 10°T*em-?. (70) 


This condition is practically the same as that expressed by Eq. (5) for the non- 
formation of a condensed phase in a homogeneous ionized gas. Thus at temper- 
atures of the order of 1000° this relation will always be fulfilled if m, is small 
compared to 10? cm-%, a value far higher than can be realized experimentally. 

The second column of Table I gives values of x,/x, calculated from Eqs. 
(33) and (55) for a wide range of values of ,. 

Assuming then that x, << x,, we see by Eq. (32) that at distances from the 
surface comparable with x, space charge effects should cause no rapid change 
in n. The fictitious space charge ny, however, increases extremely rapidly, 
by Eq. (55), as x decreases below x,. Thus by Eq. (54) the motive M under- 
goes changes which are very large compared to those of the potential. This 
decrease in motive, corresponding to —e/4x by Eq. (51), has the effect, accord- 
ing to Eq. (52), of increasing the concentration n by the factor exp (x,/z). 
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As x decreases still further, this exponential factor should finally cause m to 
increase until it again exceeds n, which varies with x-*. Thus very close to 
the surface, within the tmage sheath, there may be a second or inner space charge 
sheath in which potential changes again determine the distribution of concen- 
tration. 

Between the two space charge sheaths the concentration may be calculated 
as though no abnormal changes in potential occurred. A general equation for 
n is thus obtained by multiplying the value of n given by Eq. (32) by this expo- 
nential factor. In this way after introducing the value of x, from Eq. (53) we 
obtain 

n = [exp (x,/x)]/[8xx,(+2,)']- (71) 


This equation should be applicable within the outer space charge sheath 
as well as the image sheath. In our further analysis of the conditions within 
the image sheath, we shall determine the magnitude of the errors introduced 
into this equation by the approximations we have made. 

Definition of n,. We have previously defined n, as the value of » at x = 0. 
Now that we are taking the image force into account, we see that this defini- 
tion is no longer permissible for n increases indefinitely as x approaches 0. 
This difficulty is the same as that met in defining the saturation electron emis- 
sion from a hot metal. The saturation current density J, corresponds to that 
theoretically obtainable if the accelerating field is reduced to zero and yet space 
charge effects are not present; conditions often incompatible with one another. 
In accord with Eqs. (13), (14) and (16), , may be defined in terms of the satura- 
tion currents as follows. For electron sheaths where J,, is the electron saturation 
current in amperes cm-* 


n, = 4.044 10I,, T-cm-3, (72) 


For positive ion sheaths where J,, is the ion saturation current (amperes cm-*) 
m, = 1.728 x 10", (M/T}4cm-*. (73) 


If we hesitate to attach a precise meaning to saturation currents where electric 
fields near the metal surface are unavoidable, we may logically look upon n, 
as a useful parameter (defined by Eqs. (32) and (71)) which depends only on 
the condition of the metallic surface. 

Outer Boundary of Image Sheath 


We may take the effective boundary between the outer space charge sheath 
and the image sheath as the plane at x, at which n = n,, for by Eq. (54) this 
is the place where the image force and the actual space charge contribute equally 
to the motive distribution. 


Putting x = x, in Eqs. (55) and (71) and eliminating n, we get 
x, (p-+H,)* = xbexp (xx). (74) 


23° 


Google 


356 The Nature of Adsorbed Films of Caesium on Tungsten 


Under conditions realizable experimentally we shall find that x, is large 
compared to x, and therefore by expanding the exponential factor we obtain 
the equation 

xp = %,%,(%,+2x,). (75) 

In Table I values of x,/x, calculated in this way from x,/x, are given in 
the fourth column. From the data in the fifth column the actual values of x, 
for any temperature are obtainable. The sixth column, which contains n,/n,, 
shows that m, and n, are nearly equal so that as an approximate definition of 
m, we may say that m, is the value of m at a plane at which n = n,, that is, at 
the effective limit of the range of the image force. 


Inner Boundary of the Image Sheath 

We may take this effective boundary between the image sheath and the 
inner space charge sheath to be the plane at which m again equals n,. Let x,y, 
be the distance of this plane from the surface. From Eqs. (55), (71), (33) and 
(53) we obtain 


(x pp/x,)Be%*/*FF = (xe,]x,)® = 8(RT)*/netn, = 5.57X 10°T*/n,. (76) 


The relations between x,;, and other parameters characterizing the space 
charge and image sheaths are illustrated in columns 7, 8 and 9 of Table I. It 
is seen that in spite of the enormous range of variation of n, of 101%, the values 
of x,y at T = 1000° lie within the relatively narrow range from 0.7 x 10-® to 
3.7 x 10-® cm. Thus the inner space charge sheath can lie only within distances 
from the surface comparable with an atomic diameter. The last column of 
Table I gives the concentration n,, at the distance x,, from the surface. At 
1000° these concentrations are of the order of magnitude of 10*, comparable 
with that of electrons within the metal. 

An analysis of the validity of these equations within such close proximity 
of the surface will be made in a following section. 

The motive distribution within the space charge and the image sheath may 
be obtained from n as given by Eq. (71) by means of the Boltzmann equation 
which takes the form 

M = (RT/e)in(no/n) = 1.984 x 10-*T logy, (9/2) volts. (77) 

The potential distribution within the outer space charge and image sheaths 
can be obtained by integration of Poisson’s equation, Eq. (45), after inserting 
the value of n from Eq. (71). Expanding the exponential factor and taking the 
limits of integration to beoo and x we obtain™ the convergent series 


2,\*f 1 «x, -1 /x,\3 
n=n-2(z] lara st tase aptcp Af) 
%4 In these integrations some logarithmic terms occur which become infinite when x = ©o. 
If, however, as in the derivation of Eq. (64), we take into consideration the segregation and 


integrate out only to a distance comparable with xz, we find that the logarithmic terms become 
negligible. 
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where 7, corresponds to the potential at the surface calculated without image 
force. 

When x,/x = 5, this gives y—n, = —1.51 (x,/x,)* which by Table I is 
an extremely small quantity. For example, with 7 = 1000, 2, = 10°, 1—n, 
would be only 2.7—10-* corresponding to only 2.3 x 10-® volts. The potential 
changes between x, and 0.2 x,, which is far within the image sheath are thus 
entirely negligible. 

For very large values of x,/x greater than about 10, where the series of Eq. 
(78) converges too slowly, the following semi-convergent series (based on 
that used for the exponential integral Ei x) becomes more useful: 


N = M—4 (x,/%,)*e72/* [31 (x/x,)*+-4! (x/x,)®+---]. (79) 

By Table I we see that x,/x,, is a quantity of the order of magnitude of 

30 and thus the first term in the bracket alone is needed to calculate the poten- 
tial at x,,. Comparison of Eqs. (76) and (79) then gives 


Vey = V,—(2kT|e) (x p5/%,). 
The motive M,, at x,y is according to Eqs. (51) and (53) 
Myy = V,—(RT|e) (%,/xz5), 
so that 
(Vpp—V,)|(Myp—V3) = 2(%5p/%,)*. 


Thus since x,,/x, is of the order of magnitude of 0.03 by Table I we see 
that the potential change through the whole image sheath from x, to x, , is 
only about 1/500th of the change in motive in the same distance. This conclu- 
sion indicates that the effects of space charge are wholly negligible within the 
image sheath and furnishes a justification of our derivation of Eq. (70) in which 
the concentration given by Eq. (32) was merely multiplied by exp (x,/x). 


Ill. A Perturbation Method for the Study 
of the Image Force 


In order to understand the nature of the image force on an electron close 
to a metallic surface, it is important to know the effect of the electron atmo- 
sphere which must extend an appreciable distance beyond the atoms of the metal. 
The principles involved may be illustrated by considering the interactions 
of individual electrons within the space charge sheath. By application of the 
Fermi-Sommerfeld theory of electrons in metals and Nordheim’s theory of 
the transmission of electrons through surface barriers, the theory may then 
be extended to the case of electrons very close to a metallic surface. 

By combining the Poisson and Boltzmann equations in the case of an electron 
sheath we obtain 


d*n|dx? = (42e*n,/kT)€”. (80) 
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The electron distribution given by Eq. (32) represents a special solution 
of this equation for the boundary conditions 7 = 0 and dy/dx = 0 at x =oo. 
The potential distribution corresponding to this case, given by 


exp (11) = (AT /2ne*ny) (x+-%,)-*, (81) 
may be obtained by integration of Eq. (80) or from Eqs. (30), (26) and (2). 
Curve I of Fig. 1 shows the potential distribution obtained from this equa- 
tion for the case that A, = 1 cm and x, = 10-* cm. The value of x, is taken 
as the unit for expressing x. Thus the surface of the metal is located at x = 0. 
Let us now consider the effect of introducing a small surface charge uniformly 
distributed over a plane P located at x,. The potential at any point instead of 
being 7, will now be changed to 7 = 7,+6 as illustrated in Fig. 1 by curves 
II and III. By substituting 7,+ 6 in place of 7 in Eq. (80), expanding e* = 1+, 
and eliminating 7, by Eq. (81) we obtain 


d*6/dx* = 28/(x+<,)*. (82) 
The solution of this equation is 
6 = A(x+x,?+B(x+%,)7, (83) 
where A and B are integration constants. The two branches II’ and III’ of 


the curve on opposite sides of P evidently have different values of A and B. 


These perturbations in 7 produced by the charge at P become small at large 
distances. For x > x, it is clear that 6 = 0 at x = oo and therefore by Eq. (83) 
A = 0, but B can have any arbitrary small value. Thus if 4, represents the 
value of 6 for x > x, (Curve III’) we have 


6, = B(x+x,)* 
and (84) 
dé,/dx = —B(x+x,)". 
On the other side of P(x< x,), the perturbations disappear at the surface 
of the metal so that 6, = 0 at x = x, and thus Eq. (83) gives 
B= —Ax? for «< x,, 
whence 


and 


b, = Al(x+x,*—ah (e+ 9,)7] | 
(85) 


dbyidx = A[2(x-+x,)-+23(x+2,)-]. 


The charge on the plane P is subjected to a force per unit area or pressure 
p given by 
8n(e/kT)*p = (db,/dx)>—(d8,/dx)>, (86) 


where the subscript P is used to indicate that the derivation is taken at xp. 
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Let us now draw tangents to the curves II’ and III’ at the point P and con- 
tinue these lines to their intersections C and D with the horizontal axis. Let 
x, and x, be the values of x at these points. Then we have 


%3—Xp = —4,/(053/0x)p = (xp++;). (87) 
Similarly from Eq. (85), if we neglect x2 compared to (x,+<,)* we find 
pHa = Bpl(004/02)p = $ (p+). (88) 


If we do not neglect x, in this calculation we obtain for x, = x, a value 
14/17 as great as that given above, while for the case that x, << x, we find 


%_ = (2/3)xpx;?. (89) 





10 45 20 


Fic. 1. Curves illustrating the perturbations in potential produced by a surface 
charge in an electron atmosphere. 


The forces acting on the charges at P are thus the same as if the electron 
atmosphere which produces the field 7,(x) were replaced by two conducting 
planes located at x, and x,. The force experienced by each electron (or ion) 
at P may be regarded as due to the images of all the electrons in P produced 
by the planes at x, and x,. The total force on all the electrons on the plane P 
varies in proportion to the square of their number or the force on each one 
varies in proportion to the surface charge density. This is due to the fact that 
each electron is acted on not only by its own image but by the images of its 
neighbors in the plane P. 

If we had a single electron on plane P, or if the electrons on P were at distan- 
ces apart large compared to x»—x, or x,—p, then the forces on each electron 
may be regarded as due to its images in two reflecting planes which are approx- 


Google 


The Nature of Adsorbed Films of Caesium on Tungsten 361 


imately at x, and x,. An exact determination of positions of these reflecting 
planes for a single electron at P is a two-dimensional problem which will usually 
be beyond our mathematical resources. If we assume that the reflecting planes 
are at x, and x,, we obtain for the force on a single electron 


F = (€/4)[(%3—2p) *—(*p—%) 7] (90) 
or by Eqs. (87) and (88) 
= —(3/4)e(x,+%,). (90a) 


_ By thus assuming that the reflecting planes for point charges are the same 
as for a distribution of charges over a plane, we fail to consider the segregation 
that occurs close to the point charge because of the high field strengths near 
the point. The error will evidently be negligible if the concentration of displace- 
able charges near the plane P is small compared to that near the planes at 
x, or x,. Although Eqs. (90) and (90a) are not exact, it is felt that they consti- 
tute very useful approximations which will not often cause errors of a serious 
nature. In a later section, in the derivation of Eq. (114), we shall have occasion 
to derive a more nearly exact expression for the image force on an electron 
near the boundary of a uniform plasma and shall compare it with an equation 
derived in the manner used for Eq. (90). This will serve to illustrate the degree 
of accuracy to be expected from Eq. (90). 

Comparison of Eq. (90a) with the ordinary image force —(1/4)e*x,-* shows 
that when x, >«x,, the effect of the electrons or ions in the space charge 
sheath is to exert on each electron an image force three times as great as that 
normally given by the metallic surface. Because of the. perturbations produced 
by an individual electron on the motions of neighboring electrons, the electron 
does not induce an image in the metal but induces two virtual images in the 
sheath. 

We have seen, however, that the image force becomes appreciable as a factor 
in determining the distribution of changes in the sheath only at distances less 
than x,, and the effects of the image force are important only at distances 
comparable with x,. Table I, columns 2, 3, and 5 show that x, and x, are small 
compared to x,. By Eq. (89) we find for x» = 0.1 x, that x, = 0.007 x, and 
thus conclude that even in the image sheath the space charge effects we have 
been considering are of no practical importance in modifying the image force. 
The principles involved in these calculations, however, will be useful in con- 
sidering conditions very near the surface within the image sheath where the 
concentration gradients of the electron atmosphere reach enormous values. 


Free Path of Perturbations 
According to the Debye-Hiickel theory, a disturbance in potential in a plasma 


produces perturbations which decrease with the distance in proportion to exp 
(—7/A) where A is given by Eq. (2). By analogy with the free paths of molecules 
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in a gas we may thus regard 4 as the mean free path of perturbations in a plasma 
or 1/A is the absorption coefficient of plasma perturbations. 

Let us consider, for example, the effect of placing a small uniform surface 
charge on a plane surface P within an infinite plasma. The potential at P is 
thus raised by an amount 6, but elsewhere at a distance x from the plane the 
potential is 

6 = 6, exp (—x/A). (91) 

The potential gradient close to P(x = 0) which is 6,/4 is the same as though 
the plasma were replaced by two conducting surfaces one on each side of P 
and at the distance A from it. We may thus consider that each electron in the 
plane P is acted on by two image forces of magnitude e*/4/? which act in opposite 
directions and thus balance. The distance 4 may also be regarded as the distance 
at which 6 has fallen to 1/eth value. 

In the space charge sheath where there are large concentration gradients 
we have seen that potential perturbations gradually decrease (see Fig. 1) as 
the distance from the disturbance increases and that this rate of decrease is 
greater in regions of high concentration. We may inquire whether in such cases 
it is useful to consider that there is an absorption of the perturbations corre- 
sponding to a definite free path. 

In presence of a concentration gradient the free path A, can no longer be 
identified with A as given by Eq. (2). We may consider, however, that the absorp- 
tion coefficient is equal to 1/4 where 


A = (RT/4ce2n)!? = 9.792 (T/n)¥/? cm (92) 

and then as before may define the free path A, as the distance at which 46/6, 
is 1/e. When A varies with x, Eq. (91) is not applicable but instead we have 

dln 6/dx = —1/A. (93) 


Integration gives In (6/8,) = — f (1/A)dx. 
*p 


Putting 6/6, = 1/e and x = x, or x, in accord with Fig. 1 we obtain 


2 =P 
fade =1 or fide =1 (94) 
P Zs 

and the free path A, is then A, = x,—x, or Ap = Xp—%. 

Let us now apply this method to calculate 4, within the space charge sheath 
and compare the results with those given by Eqs. (87) and (88). From Eqs. 
(92) and (32) 

A = 2-4/8(¢-+-%,). (95) 
Substituting this in Eqs. (94), we find 
X3—x,p = [exp (2-1/2)—1](x,+% 
a 3—*p = [exp (2-1#)—1](x,+,) (96) 
¥p—My = [1—exp (—24)](x,+-2,) 
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or combining with Eq. (95) and introducing the numerical value of exp (2-1/*) 
= 2.0281, 


%y—xXp = 1.0281(2)/22, and x,—x, = 1.0139 (2)-2/22,, (97) 
while Eqs. (87) and (88) give 
%s—Xp = 242A, and xp—x% = 2-174,. (98) 


Thus, although the method of calculating the location of the reflecting planes 
involving the concept of perturbation free path does not give a result identical 
with that of the ‘‘exact”’ method, the errors resulting when it is applied to the 
space charge sheath are relatively small (less than 3 per cent). 

The free path method, although only approximate, is ‘useful because of 
its wide applicability even in cases where mathematical difficulties prevent 
the use of the exact method. There are some cases, however, where the con- 
centration varies with x in a discontinuous manner, in which the free path 
method may fail more or less completely as illustrated by the example in the 
following section. 

The concept of perturbation free path 4 may often be applied usefully 
to electron or ion distributions which are not of the Maxwellian type. Thus 
we may interpret Eq. (92) as indicating that in general A varies inversely as 
the square root of the concentration of perturbable particles and in proportion 
to the square root of their average kinetic energy L so that 


A = (L/67e*n)/? (99) 
may be applied at least approximately to non-Maxwellian distributions. 


IV. Image Forces Near the Boundary of a Plasma 
Potential Distribution 
If we consider a semi-infinite region (bounded by a plane surface S, see 
Fig. 2) which contains both electrons and ions in thermal equilibrium at tem- 
perature T, we obtain in place of Eq. (80) the following equation for the po- 
tential distribution 
d*n/dx* = (sinh n)/x?, (100) 
where in accord with Eq. (2) 
Ay = (RT|8zte2n,)"!2, (101) 
In the case of a typical plasma in which the concentrations of electrons 


and ions are nearly equal, the deviations 6 from the normal plasma potential 
(n = 0) are small so that Eq. (100) becomes 
AS d*3/dx* = 6. (102) 
Integration gives 
43(dd/dx)* = 6*-+-A, (103) 


where A is an integration constant. 
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If dé/dx = 0 for 6 = 0, A = 0 and a second integration gives 
6 = dyexp(+/A9). (104) 


This is the case already considered by Debye and Hiickel which led to Eq. (91). 
It corresponds to the case where a disturbing charge is located at an infinite 
distance from the plasma boundary. 





or] Oo n z. 
Fic. 2. Potential distributions produced by a surface 
charge in a plasma near the plasma boundary. 


The curve 1 in Fig. 2 illustrates the potential distribution as given by Eq. 
(104) when a surface charge, of uniform surface density s, is placed on a plane 
surface P. The two branches of the curve which meet at P, correspond to dif- 
ferent values of the integration constant dy. The slopes of the curve at P,, being 
related to the surface charge density s, enable us to eliminate 6, and we so obtain 


6 = 2nA,s exp(—&/A,), (105) 
where 
& = |x—x,|. : (106) 
Boundary Conditions 


When A + 0 we have two integration constants to determine from the con- 
ditions existing at the plasma boundary. 
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To make our treatment more general let us consider that the plane S is 
the boundary between two plasmas A and B for which the values of my are dif- 
ferent. For example, B may be taken to be a gaseous plasma containing ions 
and electrons with moderate concentrations, while A may be a metal which, 
because of the free electrons and ions contained in it, may for the present pur- 
poses be regarded as a plasma of extremely high concentration. On the other 
hand, we may also take a case in which the concentration in A is zero as it would 
be, for example, if we take B to be a gaseous plasma bounded at S by a non- 
conducting surface such as a glass wall. 

We shall reserve for a later section (Part 2) a consideration of the conditions 
at S which enable the two plasmas to be in equilibrium. For the present we 
need only point out that we shall have two limiting cases to consider when 
n,>>n, and when n,<<x2,. We wish in both cases to consider the forces 
which act on a charge at P in plasma B located near the boundary S. 

The electric field surrounding the charge at P dies away at greater distances 
by a kind of absorption. The residual field which reaches as far as S acts to 
cause a displacement of the electron and ion atmospheres with respect to one 
another which results in a surface charge on S. For example, if the ion and 
electron concentration in A is very large compared to that in B, a negative 
charge at P tends to induce a positive charge on S which, in the limiting case, 
will prevent the field from extending an appreciable distance into A and make 
8S an equipotential surface corresponding to 6 = 0 (Case I). 

On the other hand (Case II), with n, << my, there is a tendency for a nega- 
tive charge at P to displace the electrons near S out into A, which is equivalent 
to inducing a negative charge in the surface S. In the limiting case this may 
go so far as to neutralize the field at S originating from P so that as a boundary 
condition at S we have dé/dx = 0. 

Case I. n, >> ny; 6 = 0. Since in this case the value of dé/dx at 6 = 0 can- 
not be imaginary, we see by Eq. (103) that A >0. Integration then gives the 
result that between 0 and P, 6 varies in proportion to sinh (x/A)) as shown by 
the full line OP, in Fig. 2. In plasma A there will be no appreciable potential 
gradient; the resulting discontinuity in the slope of the potential curve indicates 
that the effect of the charge at P is to induce a surface charge of opposite sign 
at S. 

The potential distribution in plasma B is evidently the same as if, instead 
of considering a boundary at S, we assume the concentration in A is the same 
as in B, but assume also that there exists at P’ a surface charge of density —s. 
From symmetry we see that the condition 6 = 0 at x = 0 is then fulfilled. 
The potential distribution as shown by curve 3 in Fig. 2 is thus obtained by 
addin g the potential given by curve 1 to that of the image P’ as given by curve 2. 
‘Thus from Eg. (105) we have for the whole of curve 3, 


8, = 2nAgs [exp(—E/An)—exp(—E' [Ao] (107) 
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where é and é’ are the absolute values of the distances from P and P’. Between 
0 and P, ie., for x< x,, after applying Eq. (106), this becomes 


6, = 4atA,s exp (—x>/A9) sinh (x/A,), (108) 
while beyond P, for x >x,, we have 
6, = 4rdys exp (—x/4y) sinh (xp/A9). (109) 


Curve 3 in Fig. 2 was calculated from these equations for the case that x,/A> 
= 0.7. 


Image Forces 

If we draw tangents to curves 1 and 3 at the points P, and P,, as indicated 
by the dotted lines, and determine their intersections 7, T,, and T, with the 
horizontal axes in accord with Eqs. (87) and (88), we obtain the locations of 
the ‘“‘reflecting planes.” Thus letting x,, x, and x, be the abscissas at T, 7, 
and 7;, we have 

+ Xp—Xp = Xp—x, = A, (110) 
and 
Xp—Xs = A, tanh (xp/A9). (111) 

In accord with Eq. (86) we may now calculate the force or pressure p exer- 
ted by these fields on the charges at the plane P. For Case I corresponding 
to P, we find 

P, = —2zst exp (—2p/4). (112) 

We may now calculate by Eqs. (90), (110) and (111) the force that would 
act on a single electron located in the plane P (in the absence of a uniform 
charge on P). 

F, = —(¢/24,)* cosech* (+p/4). (113) 

It should be noted that this equation was derived by the same method that 
was used for Eq. (90) viz., by assuming that the reflecting plane for a point | 
charge is the same as that for charges uniformly distributed on a plane. 

In the present case with a uniform plasma we do not need, however, to 
make this simplifying assumption. In fact, in Eq. (60) we already have an exact 
solution of the problem of the force on an electron near the boundary of a plasma 
(exact, if we can assume the validity of Eq. (102)). This equation may be written 

F = —(e/2A,)*e-*9 (1+ 26)/6?, (114) 
where 
0 = xp/dq. (115) 

Substituting Eq. (115) in Eq. (113), expanding in powers of 6 and compar- 

ing with a similar expansion of Eq. (114), we have 
Fr, = — (¢/2dq)* (1/6) x [1— (1/3) + (1/15)6* --] (116) 
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and 
= — (e/2d9)°(1/6*) x [1—26?+ (8/3)6°. - -]. (117) 
For large values of @ we can put in Eq. (113) cosech 6 = 2 exp (—6) and thus 


from Eq. (114) find that 
F/F, = (1+26)/46*. (118) 


These equations enable us to estimate the magnitude of the errors intro- 
duced by the assumption, used in deriving Eq. (90), that the location of the 
reflecting plane for point charges is the same as for charges distributed over 
a plane. Serious errors are likely to occur only when a large fraction of the lines 
of force emanating from an electron fail to reach the reflecting plane S because 
of segregation in plasma B. 

Case II. ny <n,; dd/dx = 0. This condition is the same as if we replace 
the plasma A by one having the same concentration as B, but assume that at 
P’ there exists a surface charge of density +s. The potential distribution as 
illustrated by curve 5 is obtained by adding the potentials as given by curve 
1 and its image (curve 4). By Eq. (105) we thus have for curve 5 


6, = 2mdgs [exp (—E/Ao)+ exp (—E"/Ap)]. (119) 
Between 0 and P, for x< xp, this gives 
b, = Azcdgs exp (—xp/Ap) cosh (1/4) (120) 
and for x > xp, 
b5 = 4aches exp (—a/A,) cosh (sp/4y). (121) 
Proceeding as in the derivation of Eq. (111) we find 
Xp—X, = Ay coth (xp/Ao). (122) 


The pressure on the plane P calculated by Eq. (86) comes out to be the same 
as that given by Eq. (112) except that the sign before the second member is 
reversed. 

Using Eq. (90) to calculate the force F, on a single electron at P we obtain 


F, = +(e/2d,)* sech? (29/49), (123) 


whereas by the method that led to Eq. (60), considering the repulsion between 
two charges of like sign, we again get Eqs. (114) and (117), but with their signs 
reversed. From Eq. (123) for small values of 6 we have 


F, = +(¢/2A,)*[1—6*+-(2/3)0*. J. (124) 


Comparing this with Eq. (123) we see that F, and F do not agree at all for small 
values of 0. Of course, if dé/dx is actually 0 at x = 0, the value of —F given 
by Eq. (123) should be correct. Eq. (124) corresponds more nearly*to a case 
in which the surface charge at S is zero: a case which will usually be approx- 
imately fulfilled when an electron is near the boundary of a plasma. In Part II 
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we shall find cases when both of these equations are applicable. A more defi- 
nite knowledge is needed of the conditions which determine the equilibrium 
of the electrons and ions near the plasma boundary, before a proper choice 
of the equations can be made. 

In any case, it is clear that when two plasmas having different concentra- 
tions are separated by a bounding surface, each charged particle near the boun- 
dary, but in the more dilute plasma, is acted on by an image force which tends 
to draw it towards the boundary. In the more concentrated plasma, however, 
the image force on a particle near the boundary tends to repel it from the boun- 
dary. Under equilibrium conditions these image forces are balanced by the 
potential gradients due to space charges and by the pressure gradients of the 
electron and ion atmospheres. 


V. Electrons with a Fermi Distribution 


Electron Sheath Inside the Metal 


For electron concentrations greater than 10*! at temperatures up to 1000° 
the electron gas is nearly completely degenerate. For this case Fermi* has 
shown that the distribution of electrons in a field of force is given by 


n == (2°37 m?/2¢8/2/3),)V22, (125) 
where V is the potential at any point. Expressing V in volts 
n = 4.602 x 10° V*? cm-. (126) 


At any point the kinetic energies of the electrons range from 0 up to V elec- 
tron-volts, the average energy being (3/5)V. 


Many of the features of a metal may be represented by a model consisting 
of a plasma containing an electron Fermi gas imbedded in a positive continuum 
of equivalent charge. 


The distribution of potential and electron concentration in the plasma can 
no w be obtained by combining Eq. (125) with Poisson’s equation giving 


At (@y|dx*) = 4(y"—1) for x<0, (127) 
where ¢ is a dimensionless variable proportional to V defined by 
g=V[V,, (128) 


where V, is the ‘‘inner potential” which is related to the electron concentration 
n, in the metal as follows, 


V, = 2.452x 10-*n¥, (129) 


* E. Fermi, Zeits. f. Physik. 36, 902 (1926), and ibid. 48, 73 (1928). 
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This is obtained from Eq. (126) by putting » = n, and solving for V. The 
parameter A, in Eq. (127) has the dimensions of a length and is 


21/4 siz 
A = Ba nine 
or if use is made of Eq. (125) A, may be expressed in the simpler form 
Ay = (1/4e0)(z0/3)!* (h/em™2n¥*) = 3.662 x 10-8nj"* cm. (131) 


In order to determine the perturbations in the plasma potential produced 
by a disturbing charge on a plane P which lies within the plasma parallel to 
the bounding surface S (see Fig. 1) we may put in Eq. (127) gy = 1+-4, and 
so obtain 


= 0.898 x 10-°V;1/4 cm (130) 


A3(d?8/dx?) = 6. (132) 
Since this is identical with Eq. (102), we may apply Eqs. (108) to (113) with- 
out change to the present case. When the free path method is applicable, 
the parameter A, as given by Eqs. (130) or (131) is thus the perturbation free 
path in a Fermi plasma. 


Fermi Sheath Outside of a Metal Surface 


The electron pressure in the metal must be balanced by forces acting on 
the electrons near the plasma boundary. These forces are of two kinds: electric 
forces due to the potential drop in a double sheath and image forces acting 
on the electrons within this sheath. Let us postpone the consideration of the 
image forces to a later section. 

In accord with the model we have adopted we consider the surface of the 
metal to be the plane S which bounds the positive ion continuum. For x < 0, 
Eq. (127) applies, but for x > 0, since the positive charge is absent, the equa- 
tion becomes 


Ai(d*p/dx*) = 3g?*, forx>0 and g>0O. (133) 
We see from Eq. (125) that n falls to 0 at V = 0 and therefore 
Boldt =0 for p< 0. (134) 


The potential distribution obtained by integrating these equations with 
various boundary conditions are shown in Fig. 3. 

We shall wish to consider the conditions at the surface when an approach- 
ing electron exerts a large force on the electrons in the sheath. This external 
field may be taken into account by considering that for p< 0, do/dx = E or 


A,(dp|dx) = E2,/V, = —B for p< 0, (135) 
where 8 is a dimensionless parameter. 
The curves in Fig. 3 were calculated for 8 = 0 and for various positive 


values of 8 corresponding to external retarding fields acting on electrons leav- 
ing the metal. 


24 Langmuir Memorial Volumes III 
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We may now integrate Eqs. (127) and (133) subject to the conditions dp/dx 
= 0 at y= 1 and A, dy/dx = B at gy = 0 and so obtain 
A? (dp/dx)* = (8/15) q*?—(4/3)9+4/5 for x< 0 (136) 
and 


A? (dp/dx)* = (8/15)¢°2+ 6? for x >0 and gy >0. (137) 


At x = 0 the values of dp/dx given by these two equations must be equal. 
Let ys be the value of g at the bounding surface S(x = 0), then 


Ps = 3/5—(3/4)F?. (138) 





Fic. 3. Potential distribution in the Fermi sheath. 


Within the metal for x <0, we put g = 1+6 in Eg. (136), expand in 
powers of 4, and integrate, determining the integration constant by the condition 
6 = 6, = 9,—1 at x = 0 and so obtain 

x/A, = In (6/6,)— (1/12) (6—6,)+ (1/96) (6*— 63). (139) 

This series converges sufficiently rapidly to give the potential distribution 
even when g, = 0 or 6, = 1. 

For x >0 we must consider several cases. 

Case I. B = 0. Integration of Eq. (137) with the boundary condition ¢ = 9, 
at x = 0 gives 

x[A, = (30))/2p-14— 6.224 (140) 
or . 


p = 900A$ (x-+6.224,)-4 = 0.6 (1+-%/6.224A,)-4. (141) 
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By means of Eqs. (130) and (128) this may be expressed 
V = 1800 (8)-*h*e*m-*(x+-6.224A,)-* = 5.85 x 10-*8(x-+-6.2241,)-* volts. (142) 


Thus when f = 0 the potential in the sheath of Fermi gas outside the metal 
varies inversely as the fourth power of the distance from a plane inside the 
metal located at x = —6.224A,. The constant factor is a universal constant. 
The electron concentration varies inversely as the sixth power of this distance. 
The data for the curves marked 8 = 0 in Fig. (3) were calculated by Eqs. (139) 
and (140). 

Case II. B*< 0.8. When £ has positive values, the curve giving v(x) crosses 
the X axis at some point xp. Integration of Eq. (137) gives x)/A, = Is; where 


%s 
I, = f dp[(8/15) 8+ h}2". ! (143) 
Let us put " : 
I; = In.— (Leo—Ts), (144) 
where [,,, the definite integral obtained by puttingoo in place of y, in Eq. (143), 
can be calculated in terms of gamma-functions and is found to have the value 
Inq = 6.124 B-"5, (145) 
Expanding the integrand of Eq. (143) in powers of 6*p,-5/? and integrating 
we get 
In—Ig = 3029-4 x (1—0.08536%p,-* 5+ 0.06284p,-*...) (146) 
which converges rapidly when 8 < 0.3. 
For small values of 8, where by Eq. (138) gy, = 0.6, Eq. (146) gives I. — I; 
= 6.224. For B = 0.3 this increases only about 2 per cent. Thus by Eqs. (143), 
(144) and (145) for values of B up to 0.3 or 0.4 we have 
%o/A, = 6.1248-V5—6.224. (147) 
A different expansion of Eq. (137) gives 


(%o—%)/Ay = (p/B) x [1— (8/105) B-*g*?+ (4/225) B49]. (148) 
, When £ > 0.5 this may be used for calculating x) by putting x = 0 and 
P = Ps ; 

Case III. B? > 0.8. When f* reaches 0.8, Eq. (138) shows that gp, becomes 
zero. For larger values of 8 the electron concentration falls to zero at some 
point within the metal, that is, x,< 0. 

For x< x, the potential distribution is obtained from Eq. (139) by put- 
ting 6, = 1 and replacing x by x—x,. 

The effect of these strong fields is to displace the electron distribution with- 
out changing the shape of the curve g(x). At x, the potential gradient is given 
by 

A,(dp/dx)) = —(0.8)/* = —0.894, (149) 
which is the same as that outside the metal when # = 0.894 and 9, = 0. 
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When f?> 0.8 there are no electrons between x = x) and x = 0 so that 
Eq. (127) reduces to 


Aj (@p/dx*) = —2/3. (150) 

At x = 0 we must have A,dp/dx = —B and at x), y = 0. Integration thus 
gives 

gy = —B(x—x9)/A,—4 (x29—x9)/A2 for x< x< 0. (151) 


Solving Eqs. (149) and (151) for x9 we find that the displacement of the 
electrons is given by 
%o/A, = (3/2) (0.894—8). (152) 
Substituting this in Eq. (151), placing x = 0, and comparing with Eq. (138) 
we find that this equation is still applicable when 6? > 0.8. 
Perturbations and Image Forces within the Fermi Sheath 


Putting g = ¢,+4 in Eq. (133), the perturbations in the Fermi sheath outside 
the metal are seen to be governed by the equation 


Aj (d?6/dx*) = 9,'6, (153) 


where ¢, is a function of x which represents the potential distribution in the 
undisturbed state as obtained by the solution of Eq. (133). In general Eq. (153) 
cannot be readily integrated. 
Case I. B = 0. For this case by substituting the value of y, from Eq. (141) 
into Eq. (153) and integrating we find 
6 = A(x+6.22A,)°+B(x+6.22A,)—. (154) 


This may be handled in the same manner as Eq. (83). If the point P (see 
Fig. 1) is sufficiently far from the surface S so that 6, has fallen practically 
to zero at S, then in place of Eqs. (85) and (84) we find 


53 = A(x+6.222,)*; Os = B(x+6.22A,) (155) 
and the positions of the reflecting planes (cf. Eqs. (87) and (88)) are given by 
X%3—Xp = (1/5) (x,p+6.22A,), (156) 

%p—X%_ = (1/6) (xp+6.222,). 


Thus by Eq. (90) the image force acting on the electrons is 
F = —(11/4)e?(*%,»+6.224,)*. (157) 
' Let us compare these results with those given by the free path method. We 


have seen that for a uniform initial concentration the free path A, is given by 
Eq. (130). For the non-uniform distribution in the sheath we may thus put 


a= Agr, (158) 
where 9, is given by Eq. (141). We thus find for the Fermi sheath 
A = (30)-1/2(%+6.22A,). (159) 
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This differs from the expression obtained for the space charge sheath, Eq. (95), 
only in the value of the two constants. Let us therefore generalize Eq. (159) 
by putting 

A= [a(a—1)]*"%(x+4), (160) 
so that Eqs. (95) and (159) are now special cases corresponding to a = 2 and 
a = 6, respectively. Introducing this value of A in Eq. (94), we find 


(xp+4)/(%s+@) = (%:+4)/(*p+a) 
= exp {—[a(a—1)]}*} = 1—1/a—1/24a®—1/48a*. (161) 
To compare this with the result of the exact method, let us see what po- 
tential distribution y,(x) corresponds to the generalized Eq. (160). Eliminat- 
ing A from Eqs. (158) and (159) we have 
gi = [a(a—1) P(e +a)-* (162) 


instead of Eq. (141). Substituting this in Eq. (153) and integrating as before, 
we now find in place of Eq. (155) 


6, = A(x+a)* and 46; = B(x+a)-', (163) 
The method of Eqs. (87) and (88) then gives in place of Eq. (161) 
(xe+4)/(%y +4) = (%+a)/(#p+a) = 1—1]a. (164) 


Comparing this with Eq. (161) we conclude that the free path method and 
the exact method agree whenever we can neglect (1/24)a* compared to unity, 
For the case we are considering where a = 6 this term is only 0.00019. We 
find from Eg. (161) that in this case the free path method gives values of x,—xp 
and x,—x,, which are greater than those of Eq. (156) by only 0.15 per cent 
and 0.13 per cent, respectively. 

Case II. B*?< 0.8. Since for x > x, there is no space charge, the potential 
distribution is represented by the straight line 


Ap = —B(x—%). (165) 


Consider now that at some plane P for which x, > x) we raise the potential 
corresponding to an amount dg. This changes 8 by 68 and x, by 4x, so that 
we have 


A, dy = Bdxy—(x—%) 6B . (166) 
By the method used in Eq. (88) we then obtain 
Xy—% = —B(dx9/dB). (167) 
By Eq. (147) this becomes ; 
Xo—X_ = 1.225B-15A, = (1/5)(x9+6.22A,). (168) 


For small values of 8 the potential distribution is still approximately a linear 
fu nction of x for values of x considerably less than x). Thus we may apply 
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the free path method by substituting the value of g from Eq. (165) into (158) 
and the resulting value of A into Eq. (94). This gives 


%p—Xy = 1.915B-18A,, (169) 


which is the same as Eq. (168) except that the constant is 2.5 per cent smaller. 
This good agreement is of interest in view of the fact that the distribution of 
concentration has a discontinuity at xp. 

Case III. B& >0.8. At x= 0, p = 9g, as given by Eq. (138). For x >0, 
y is a linear function of x so that 


9” = 9,—fx/A, = 0.6—Bx/A,— 0.756 


and dy = —(1.58-+<x/A,)68. By the method of Eq. (88), using also Eq. (151), 
we find 
X= —1.5B8A, = x) —1.34A,. (170) 


The perturbation method thus locates the reflecting plane at a distance 
1.34, inside of the edge of the displaced Fermi electron gas. The total field 
dy/dx decreases linearly with x between x = 0 and x = x, but the perturba- 
tions continue on through this region of constant positive space charge until 
they reach displaceable electrons. The potential distribution in this region 
(values of x slightly less than x,) is approximately linear (see Fig. 3) and is 
given by Eq. (165) if 8 is put equal to 0.894, the value of A,dp/dx at xo. The 
value of x»—x, given by the free path method is thus obtained by putting 
B = 0.894 in Eq. (169) yielding x,—x, = 1.234, which is in rough agreement 
with Eq. (170). 

Effect of Image Force within the Fermi Sheath 

In calculating the electron distribution in the Fermi sheath by means of 
the Poisson equation and the Fermi equation, we have in effect assumed that 
the pressure gradient in the Fermi electron gas balances at every point the 
electric force due to the potential gradient resulting from the space charge. 
The problem we have solved is the one-dimensional analogue of the three- 
dimensional problem treated by Fermi in his study of the distribution of elec- 
trons in atoms. 

In both of these treatments, however, the image forces acting on the electrons 
in the Fermi gas have been neglected. Let us consider the relative magnitudes 
of the image force and the electric force. 

For the case that 8 = 0 we find by putting ¢, = 0.6 in Eq. (137) that the 
potential gradient at x = 0 is 

(dV /dx,) = 0.386V,/A,. (171) 

The image force on an electron at x = 0 can be obtained from Eq. (90) 
by putting x» = 0. The value of x, according to Eq. (156) is x, = 1.245A,. 
The value of —x,= 1.039 given by Eq. (156) is evidently too small for the 
elec tron concentration for x< 0 is less than was assumed in the derivation of 
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this equation. Using Eq. (139) for the distribution for x< 0 and applying 
Eqs. (158) and (94) we find by the free path method x, = —1.072. The image 
force is thus 

F = 0.0560e?/A%. 


Comparing this with Eq. (171) we find that the ratio of the image force 
to the force produced by the potential gradient is (see also Eq. (130)) Fi/F, 
= 0.1453e/V,A, = 2.31V{**, where V, is in volts. Since V, has values that 
range from 1.5 for caesium to about 19 for tungsten, it appears that the image 
force in the sheath is by no means negligible but is often greater than the electric 
force. 

The effects of this image force will resemble in many ways that produced 
by an external field corresponding to values of 8 comparable with unity (Fig. 3). 
Thus it compresses the Fermi sheath and gives it a definite outer edge at 9, 
for the image force which extends far outside of x) prevents any of the Fermi 
electrons from going more than a definite distance. The electrons in the metal 
having components of kinetic energy normal to the surface equal to V, can 
thus pass freely to x). The work needed to remove electrons from the metal 
(Richardson work function at T = Q) is thus the work that must be done against 
the image force in the region outside of x, or is thus equal to the image motive 
at x). The image force within the sheath (x<x,) is thus of importance only 
insofar as it is a factor determining the value of x, and the magnitude of the 
image force outside of x). The reason that the work done against the image 
force in removing an electron from the interior of the metal to x, is not included 
in the ‘‘work function” is that this force is balanced in this region by the elec- 
tron pressure and the force due to the potential gradient. 

In Part II a method will be developed for calculating the image forces on 
electrons which lie within the Fermi sheath even when the perturbations pro- 
duced by an individual electron cannot be considered to be small. This theory 
will be applied to the forces which hold adsorbed caesium atoms on tungsten 
surfaces. 
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Precision methods for measuring the number of caesium atoms adsorbed on tungsten are 
described. With these methods for determining 6 (the fraction of the tungsten surface covered 
with Cs), the rates of atom, ion and electron emission are measured as functions of 6 and T, 
the filament temperature. The rate of atom evaporation, ¥g, increases rapidly with 6 and with T. 
At low filament temperatures and high pressures of Cs vapor the concentration of adsorbed 
Cs atoms approaches a limit 3.563x 10"* atoms cm™* of true filament surface (one Cs atom 
for four tungsten atoms). This film (@ = 1) exhibits all the characteristics of a true monatomic 
layer. The formation of a second layer begins only at filament temperatures corresponding to 
nearly saturated Cs vapor. A theory of the formation of a second and of polyatomic layers is 
given and experiments supporting it are described. The heat of evaporation (given by the Cla- 
peyron equation) for Cs atoms from clean tungsten is 2.83 volts (65,140 calories), 1.93 volts 
or 44,473 calories at 6 = 0.67, and 1.77 volts or 40,757 calories at 6 ~ 1. The adsorbing tung- 
sten surface after proper aging is homogeneous, except that about 0.5 percent of it (active spots) 
can hold Cs more firmly than the rest. The procedure in obtaining electron (ve) and ton (yp) 
emission for zero field and the large changes in the effdct of external field with 0 are described. 
From both », and ¥, the contact potential V, is calculated, agreeing, except for very concentrated 
films, with V, calculated entirely from data on neutral atom evaporation. At constant temper- 
ature the electron emission increases to a maximum at 0 = 0.67 and decreases as 6 = 1 is ap- 
proached. The positive ion emission increases rapidly to a maximum at 9 ~ 0.01 and then 
decreases. The work function (exponent in Dushman type equation) for electrons at 6 = 0.67 
is 1.70 volts (clean tungsten= 4.62 volts). The work function for ions is 1.91 volts at 6 = 0, 
and 3.93 volts at 0 = 0.67. It is shown by experiment that the saturated ion current from 
a clean hot (1200-1500°K) tungsten filament is an accurate measure (experimental error of 
about 0.2 per cent) of the number of atoms striking the filament per second. The condensation 
coefficient (a) for atoms striking a tungsten filament is proved by experiment to be unity from 
6 = 0 tonearly 1. The important bearing of this fact and of the experimentally observed existence 
of surface migration or diffusion on the mechanism of evaporation and condensation in dilute and 
concentrated films is discussed. In addition surface migration is correlated with irregular ion 
evaporation rates occurring when two phases (dilute and concentrated films of Cs) exist on the 
tungsten surface. Transient effects in which @ changes with time are studied and entirely explained 
by the observed rates of evaporation and condensation. This and other facts are used to justify 
a surface phase postulate according to which all the properties of the adsorbed film are uniquely 
determined by 6 and 7. 


[Eprror’s Note: This paper appears as Chapter Sixteen in the author’s book, Phenomena, 
Atoms and Molecules, Philosophical Library, 1950.] 


[376] 


Google 


Evaporation of Atoms, Ions and Electrons from Caesium Films on Tungsten 377 


I. Introduction 


CagEsIuM films on tungsten form an important and interesting case of adsorp- 
tion. The adsorbed atoms are held on the tungsten by such large forces that 
remarkable changes in the thermionic properties of the tungsten can be ob- 
served. As the tungsten surface can be completely cleaned and the supply of 
caesium atoms can be controlled, this system is capable of furnishing quanti- 
tative information regarding adsorption and the electrical properties of surface 
films. 

Films of alkali metal atoms on tungsten have been the subject of several 
investigations. Langmuir and Kingdon! found that caesium atoms adsorbed 
on tungsten greatly increased the electron emission of the tungsten and showed 
that caesium atoms striking a hot clean tungsten filament were converted into 
positive ions which could be collected by a plate at a negative potential. Both 
the electron and ion emissions were functions of the temperature (7) of the 
filament and of the fraction (6) of the surface covered with caesium. The elec- 
tron emission increased to a maximum at a certain value of 6 and decreased 
with further increase in 0. The positive ion emission became appreciable 
only for low values of 6; at higher values of 6, caesium films evaporated only 
as neutral atoms. Only rough estimates of 6 were made in this work. 

Recently Langmuir? has treated the properties of caesium adsorbed on 
tungsten in a general discussion of evaporation, condensation, and adsorption, 
and has given a partial derivation of equations used in this paper. 

Becker* has studied the evaporation of atoms, ions, and electrons from 
caesium films on tungsten and made measurements of 0. He attributed the 
maximum electron emission to a single complete layer of caesium atoms and 
the subsequent decrease in emission to the formation of a second layer of 
caesium atoms. 

The present investigation was undertaken for the purpose of determining 
quantitatively the dependence of the rates of neutral atom evaporation (»,), 
ion emission (»,), and electron emission (y,) on 0, filament temperature T, 
and the field strength; .v,, », and », represent the number of atoms, ions, or 
electrons evaporating per unit area, per unit time. To facilitate correlation 
of y, and », with 0, the greater part of the work has consisted in establishing 
6 as a function of caesium pressure and filament temperature. 

In the steady state, ; 

au, = %a3 (1) 
that is, the number of atoms evaporating per unit area per unit time (¥,) is 
equal to the number condensing, which is equal to the number arriving per 
unit area per unit time (u,), multiplied by the condensation coefficient a. 


? I. Langmuir and K.H. Kingdon, Science 57, 58 (1923); Proc. Roy. Soc. A107, 61 (1925). 


* I, Langmuir, ¥. Am. Chem. Soc. 54, 2798 (1932). 
* J. A. Becker, Phys. Rev. 28, 341 (1926); ¥. Am. Electrochem. Soc. 55, 153 (1929). 
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Evidence regarding the nature of a will be given (Section XI) and it will be 
shown that under our experimenital conditions a is equal to unity. Therefore 
the experiments which give 6 as a function of 4, also give », as a function of 0. 

Let us now postulate that »,, », and », are functions of 6 and T only. The 
distribution of atoms is assumed to be uniform and independent of the way 
(e.g., by evaporation or condensation) in which 6 was reached. This ‘‘surface 
phase postulate” will be discussed and justified in Section XI. Determinations 
of y, and », at various pressures then enable us to express », and », as functions 
of 6 and T. 


II. Apparent and True Filament Surface 
and Definition of 0 


The apparent area S, of the filament surface is that calculated from the 
dimensions of the filament (z/ld). Actually after heating to 2900° during aging, 
a tungsten filament becomes etched and develops‘ dodecahedral crystal faces 
(110) in which there are 1.425 x 10% tungsten atoms per cm*. The actual surface 
area S is thus greater than S, (see Fig. 1). 


ee. 


AYYLNSG 


Fic. 1. True (S) and apparent (S,) filament surface. 


It so happens that crystals of metallic caesium® have the same type of lat- 
tice (body-centered cubic) as tungsten and the lattice constant (6.17A) is 
almost exactly double that of tungsten (3.15A). Thus if, in a complete mon- 
atomic film of caesium on tungsten, the caesium atoms arrange themselves 
in a surface lattice identical with that of the tungsten surface but with double 
spacing, there will be one caesium atom for every four tungsten atoms, all the 
adatoms will be similarly placed with respect to the underlying tungsten atoms, 
and the adatoms will be at the same distances from one another as in metallic 
caesium. 

Because the strong forces between the caesium and the tungsten atoms 
must tend to make the adatoms occupy definite elementary spaces® determined 
by the tungsten lattice, we believe we are justified in adopting this 4 to 1 re- 
lation as a postulate in our further investigations. We may therefore put for 
the true surface concentration o, of a complete caesium film on tungsten 


o, = 3.563 X10 atoms cm-?. (2) 


“I. Langmuir, Phys. Rev. 22, 374 (1923). 
* Simon and Vohsen, Zeits. f. physik. Chemie 133, 165 (1928). 
ae 2 Langmuir, ¥. Am. Chem. Soc. 38, 2287 (1916); 40, 1366 (1918). 
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Experiments which will be described in Sections V and XII have shown 
that with the particular filament used, the apparent surface concentration 
O,, for a complete film of caesium on tungsten is 


04, = 4.80 x 10** atoms cm-. (3) 


The ratio o,,/0,, which is 1.347, is thus equal to S/S,, the ratio of 
the true to the apparent filament surface. Tonks has calculated’ that with 
a random distribution of dodecahedral crystals the minimum value of S/S, 
is 1.225, a value which supports our postulate. 

We intend to test this postulate in future work by comparing values of 04) 
obtained with adsorbed films of caesium, rubidium and potassium on a single 
tungsten surface. If the value o, as given above is correct, we should expect 
that o,, will be the same for all alkali metals. 

Let o, be the apparent surface concentration of adatoms obtained by dividing 
the total number of adatoms by S,, the apparent surface area (z/d). Then the 
true surface concentration ¢ is o,S,/S. It is probable that S/S, may vary 
somewhat for different filaments according to the aging treatment and the 
fineness and orientation of the crystals. The intrinsic properties of the ad- 
sorbed film are presumably dependent on o rather than o,. Since, however, 
our knowledge of o depends upon our postulated value of o,, as given by 
Eq. (2), it is preferable to express these properties as functions of the covering 
fraction 6 defined by 

6 =4,/o,. (4) 

All the values of 6 in this paper have been calculated in this way from o, 
by using the value of ¢,, given by Eq. (3). It should be noted that 6 is also 
equal to o/o;. 

We must also have clearly in mind the relation of S and S, to our defini- 
tions of 4 and ». We shall define u, as the number of incident atoms per unit 
time per unit area of apparent surface S,. Thus from the kinetic theory 


Mg = p(2nmkT)-1? = 3.796pT-? atoms cm-? sec- (5) 


where p is the pressure in baryes and J is the temperature of the caesium 
vapor. 

In a similar way we define », as the number of atoms which escape 
from the filament by evaporation per unit time per unit area of apparent sur- 
face (S,). 

We wish, however, to know the rate of evaporation per unit area of true 
surface S for this alone should be an intrinsic property of the adsorbed film. 

In the steady state to which Eq. (1) applies, the condensation on and eva- 
poration from each element of area must balance. The atomic flux density 
in the neighborhood of the filament must therefore be isotropic just as is 


7 L. Tonks, Phys. Rev. 38, 1030 (1931). 
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the heat radiation within an enclosure at uniform temperature. The values 
of « and » over the surface of S, in Fig. 1, must thus be the same as over 
the surface S,. 

Consider now the irreversible evaporation of adatoms from a filament 
in a space in which u = 0. We see from S in Fig. 1 that a large fraction 
of the atoms that evaporate from the valleys (and a smaller fraction from the 
peaks) are intercepted by the surface of the opposing peaks before they can 
escape. The concentration of adatoms thus decreases near the peaks faster 
than in the valleys unless surface mobility equalizes their concentration. 

If mobility does maintain a uniform 6 and if a = 1 so that all incident 
atoms condense, it follows from the reversibility principle (see Section XII) 
that the emission occurs in accord with Lambert’s cosine law. The situation 
is exactly analogous to that in optics where the brightness of an incandescent 
black body is independent of its contour. 

During irreversible condensation from a vapor with a given yu, the concentra- 
tion at the peaks should increase faster than in the valleys, assuming no mobili- 
ty. Since the experiments (see Section XI) have shown no difference in pro- 
perties of a film with a given average value of 6 whether it was obtained 
by irreversible condensation or evaporation, we must conclude that surface 
mobility equalized 6 over the surface. Because of this mobility and the fact 
that a = 1, we may therefore conclude that the values of » defined in terms 
of apparent surface are identical with the evaporation rates per unit area of 
true surface. 


Ill. Methods for Determining 6 

There are four methods available for determining 8. Common to all methods 
is the measurement of the caesium vapor pressure (controlled by bulb temper- 
ature) in terms of u,, by observing the positive ion current to a collector 
at a negative potential with respect to a hot (> 1200°K) tungsten filament. 
As will be demonstrated later, every atom striking the filament leaves as a posi- 
tive ion so that J,/e, the saturation positive ion current density divided by the 
electronic charge, gives y,. 
Becker’s Method 

Becker observed the time (¢,,) required for the electron emission from 
a filament (initially cleaned by flashing) to reach a maximum value while 
the filament at temperature 7, was being coated by a constant supply of 
Cs vapor. At the maximum, 6 was assumed to be unity, that is, the film was 
taken to be a complete monatomic layer. It was then possible to raise the tem- 
perature of the filament to various temperatures (73), where the equilibrium 
6 was less than unity. If the temperature was now lowered to T,, the electron 
emission again passed through a maximum as @ increased through unity. The 
time (t;) needed for this completion of the film served to measure the @ at 
T, since 6 = 1—42,/t,,. 
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Direct Flashing Method 


If a tungsten filament having a film for which @ is less than 0.08 is suddenly 
flashed in an accelerating field at a high temperature, all the caesium evapor- 
ates as ions giving a ballistic kick on a galvanometer. The filament area to- 
gether with the ballistic calibration of the galvanometer allow calculation of 
oa, and hence of 6. 


Two Filament Method 


As shown diagrammatically in Fig. 2, two parallel straight tungsten fila- 
ments, A and B, were mounted near the axis of three coaxial cylindrical elec- 
trodes ¢,, Cy and ¢;, placed end to end so that by the guard-ring principle the 

electron or ion emissions from a known length of the 

central part of either filament could be measured. The 

tube is highly evacuated but contains saturated caesium 

vapor whose pressure is controlled by the tube tem- 

Cc perature. The rate of arrival of atoms, u,, is measured 

: with B at a temperature of ~ 1200°K. This steady 

current is then balanced out so that only changes in 

current are indicated by the galvanometer (G) connected 

Cc tO Co; C,, Cg and cy were usually maintained at 45 volts 

negative to filament B. The potential of filament A is 

made 41 + 2 volts negative to B (4 + 2 volts positive 

2 to ¢,, cs and cy). Filament A is then cleaned by flashing 

at 2400°K. After a steady state (8) is reached on 

its surface at any of a series of lower temperatures 

(300-1200°K), the temperature of A is suddenly raised 

to about 1800° so that at these voltages all the adsorbed 

Fic. 2. Filament and atoms evaporate instantly as neutral atoms, which travel 

collector arrangement in in straight lines towards the cylinders c. A definite 

two filament method fraction f of these, however, are intercepted by the hot 

ae eenee filament B and are converted into ions which pass to 

the cylinder cy. The resulting ballistic kick indicated by the galvanometer, 

together with the known diameters of A and B and the distance of A from B 
give data for the calculation of o, and 06. 


The use of the second filament B as a means of measuring concentrations 
on filament A too high to be flashed directly from A as ions was suggested 
by Dr. Tonks of this laboratory. 

The potential chosen for filament A insures that neither ions nor electrons 
shall pass to ¢, as the adsorbed atoms are suddenly evaporated. The correct 
potential for A is most easily found by flashing A when nearly fully coated, 
with B cold. If A has been made too negative with respect to ¢, a ballistic 
kick due to electrons is observed; if not sufficiently negative a kick due to ions 
is noted. With the correct adjustment (critical only to about +2 volts) there 


> 
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is no detectable galvanometer deflection when A is flashed even if the initial 
values of 6 on A are varied from 0 to above 1. This fact that the potential of 
A can be varied as much as 4 volts without detectable galvanometer deflections 
when B is cold proves that the zero value of current is not due to a balance 
between electron and ion currents from A, but that each of these currents 
is zero. This is undoubtedly caused by space charge limitation of the currents 
during the excessively short time that they can flow while the filament is being 
flashed. We therefore believe that no source of error is introduced into these 
measurements by currents from A. Although the sudden evaporation of atoms 
was usually accomplished by heating the filament by a condenser discharge, 
increasing the filament current to a value giving a temperature of about 1800° 
by closing a switch in a battery circuit also gives sufficiently rapid evaporation. 
The Accumulation Method 

If 4, is small, changes in the properties of the film with time can be 
measured as 6 increases slowly from zero. In this method », must remain equal 
to zero since o, and 6 are found from the product 4,xt. This is accomplished 
either by working in the lower ranges of @ or at low filament temperatures. 


Comparison of the Methods for Determining 6 

(a) Becker’s method may be used to determine 6’s from about 0.01 to 
the optimum value 0,,, which gives the maximum in the electron emission; 
it will be shown later that 0,,, = 0.67. The method requires not only that 6,,, 
shall be attained and that the electron emission at the optimum be measurable, 
but also that re-evaporation of atoms is negligible until the maximum is passed. 
Thus with the sensitive galvanometer used in the present experiments 
(7x 10-" amp./mm) the allowable yu, was limited to the range between approx- 
imately 6X10" and 2x10, using a testing temperature (7,) of ~ 550°K. 
At lower testing temperatures the electron emission cannot be measured. 
A higher testing temperature raises the lower limit for u,. Even though 6, 
may be passed through, unless the testing temperature is low enough, atom 
evaporation may begin near 0,,, causing an increase in the time (t,) required 
to reach 6,,, and a consequent error in the determination of 6. At higher values 
of 4, the coating time becomes too short in comparison with the times required 
to bring the filament from a high temperature to a steady state at the lower 
testing temperature. For example, a 2 mil filament requires ~ 15 seconds 
to cool from 1220°K to 600°K. A filament in a bulb containing caesium 
at room temperature is completely coated in less than one second. The method 
also fails at high pressures because the 6’s to be measured may already be above 
the optimum. 

We have often found another serious difficulty in the application of Becker’s 
method. Fig. 3 shows emission vs. time curves taken as in Becker’s method. 
The curve a with a single maximum is obtained for caesium on a clean homo- 
geneous tungsten surface. With extremely minute traces of gaseous impuri- 
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ties which are sometimes hard to avoid but which do not interfere with the 
application of the other methods of determining 6, we have often obtained 
two maxima as shown in curve 5. With slight modification of the conditions 
the two maxima may merge into one. In such cases difficulties of interpret- 
ing the curves may lead to considerable error in the determination of 6. 


TTR TT 
7) RL 





Fic. 3. Electron emission vs. time curves as obtained in 
Becker’s method for measuring 9. (a) Clean filament, (b) 
partly gas covered. 


(b) The direct flashing method is applied only below 9 ~ 0.08 but is so 
extremely sensitive that @ as low as 10-* can be measured easily. 

(c) The accumulation method may be used to produce any value of 6 pro- 
vided yu, is kept below ~ 10" to give sufficient time for observations. It should 
find a useful application in the study of contact potentials. Known changes 
in the surface condition of an electrode receiving electrons can be produced. 
The resultant changes in contact potential could then be measured up to 9 = 1. 
If the filament or electrode can be cooled sufficiently below the temperature 
of the tube, the properties of polyatomic films may be studied. 

(d) The two filament method was used in the present investigation to study 
6 from 0.05 to unity. It may be used to study even polyatomic films which 
may be formed by maintaining the filament for a short time in saturated 
Cs vapor or by producing supersaturated vapor by rapidly heating the bulb 
after the filament has cooled. 

Cakbrations | 

The validity and accuracy of the various methods for determining @ were 
tested chiefly by observation of transient effects, i.e., phenomena involving 
changes in 9 with time. In these tests it was assumed first that a is unity 
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under all experimental conditions and second that the positive ion current 
from a clean hot tungsten filament is an exact measure of u,. Experimental 
proof of both assumptions will be given in Section XI. 

If a clean tungsten filament is allowed to coat with caesium for the time t 
in a retarding field for ions (v,= 0), the direct flashing method, if valid, 
should give measurements from which the number of atoms accumulating 
per cm? in the time ¢ can be calculated. This number should be », xt. 
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Fic. 4. Accumulation of caesium (concentration o,) 


with time as obtained by the direct flashing method. 
Filament at room temperature. 


Fig. 4 shows data obtained by the direct flashing method with the filament 
at room temperature during the accumulation period. The ordinates are o, 
(atoms cm-?) as calculated from the ballistic galvanometer kicks. If Q is the 
quantity of electricity corresponding to the observed kick, o, = Q/S,e atoms 
cm-*, where e is the electron charge. The galvanometer was calibrated bal- 
listically by discharge of a standard condenser charged to a known voltage. 
The sensitivity was 3.3 x 10-1° coulombs mm-!. The right-hand ordinates are 
the values of 6. Each point shown corresponds to a separate run in which Cs 
was allowed to accumulate for the time t after cleaning the filament by flashing. 

The straight line in the figure has been drawn with the slope yu, as given 
by the steady ion current. The points lie on this line within the experimental 
error of <1 percent for 6 below about 0.07. The deviation above 6 = 0.07 
is due to evaporation of Cs partly as atoms during the flash to obtain the bal- 
listic kick. These curves remained unchanged if the coating temperature was 
varied from 300° to 800°. At still higher temperatures, deviations set in due 
to the re-evaporation of arriving Cs atoms. These will be described in Section XI. 

In the same way the 2-filament method was tested by measuring accumu- 
lated amounts of caesium corresponding to 6 from ~ 0.05 to nearly 1.0. In 
this case the ballistic kick Q should equal S,,, tfe, where f is the fraction of 
the atoms intercepted by filament B. As found from the distance (2.85 mm) 
between filaments A and B, measured by a microscope with eyepiece scale, 
f was 0.0071. On plotting the observed values of o,, calculated from the bal- 
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listic kicks, (0, = Q/S, ef), it is seen, Fig. 5, that these values have accura- 
tely the calculated slope, w,, but are displaced slightly with respect to the 
calculated line. Thus the kicks extrapolated to zero time were not zero. This 
displacement was shown to be independent of 6 and caesium pressure. A brief 
investigation did not reveal the cause of the displacement; it is probably con- 
nected with the pressure lags mentioned in the next section. This small empi- 
rical correction (—0.0086) was applied to all values of @ obtained by the 
2-filament method. . 





Fic. 5. Calibration of two filament method. 


In addition to these preliminary comparisons, later measurements of equi- 
librium values of 6 by both the direct flashing and 2-filament methods in the 
range of 6 from 0.05 to 0.08 were in good agreement. 

Becker’s method was tried out extensively and the limitations already given 
as to testing temperature and Cs pressure found. 


IV. Description of the Experimental Tube 


To obtain accurate results by the foregoing methods many precautions 
are necessary in the construction of the apparatus and in its use. 

The caesium pressure must be exactly controlled. The ordinary construction 
with metal cylindrical electrodes inside a glass bulb does not allow this. These 
cylinders become heavily coated in the presence of caesium vapor and since 
their temperature is indefinite and affected by radiation from the filaments, 
the rate of supply of Cs is non-uniform. The use of metal electrodes deposited 
directly on the walls of the tube avoids this, by giving more direct thermal 
contact with the bath liquid. 

The guard ring principle must be employed to allow measurement of cur- 
rents from a known length of filament and to prevent measurement of cur- 
rents from the ends or any portion of the filament which is not at the temper- 
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ature of the central part of the filament. This is far more important in studies 
of caesium on tungsten than for clean tungsten. For example, if the central 
part of the filament is hot enough to be practically free from caesium, the end 
portions may be cooled sufficiently by the leads to have high values of 6 from 
which the electron emission is thousands of times greater than from the cleaner 
central part. 

The filaments should be so long that the cooling effect of the leads does 
not cause a nonuniform temperature over the central part even at low filament 
temperature. 


(1) Preparation of the Tube 


Fig. 6a shows the glass mantle. The two annular folds (EZ) were made by 
pressing together while hot two enlarged sections of the tube. These folds 
divide the tube into three sections, ¢,, cy and c,, spaced ~ 4 mm apart, which 
later are to serve as electrodes. The connections to each electrode consist of 
tungsten seals from which 5 mil platinum wires are led to and are partially 
imbedded in the glass wall. 


-Q— 





aA~ 
(a) (b) (c) (d) 
Fic. 6. Preparation of the experimental tube. (a) Outer 
glass mantle with platinum filament for coating walls. 
(b) Frame on which the filament structure is mounted 
and inserted in outer tube. (c) Frame turned through 90°. 
(d) The completed tube. 


In Fig. 6a, P is the 10 mil platinum filament in place ready for the coating 
of the walls by evaporation. The tube at this stage was evacuated and baked 
at 400°C for 2 hours, after which the oven temperature was lowered to about 
300°C. The filament was now heated to a temperature where the evaporation 
of platinum in a period of about two hours was sufficient to coat the glass walls 
with a film whose resistance as measured between the pairs of leads to each 
section was less than 50 ohms. Since the greater part of each annular fold 
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received no platinum in this evaporation process, these folds now acted as 
insulation between the three electrodes, c,, cy and ¢,. In addition these folds 
could later be conveniently heated by a few turns of resistance wire to prevent 
electrical leaks which otherwise often occurred at the higher caesium pressures. 


(2) Preparation of the Filament Structure 

Since the filaments A (2 mil) and B (5 mil) must be accurately and uniformly 
spaced, they were first mounted on a frame as shown in Fig. 6b. This frame 
consisted of two pairs of glass seals (with tungsten leads) separated by a rigid 
glass rod. Fig. 6c shows the frame turned through 90°. The filament structure 
was adjusted and aligned entirely on this frame. The total length of each fila- 
ment was 30 cm while the length of the central part in cylinder co, was 
3 cm. To obtain this length of 30 cm more conveniently, the ends of each 
filament were wound into tight spirals, (S), the 2 mil filament being wound 
on a 3 mil mandrel and the 5 mil on a 5 mil mandrel, leaving a straight length 
of 10 cm between the spirals. By trial the tension springs (7) were selected and 
stretched so that when heated the filaments remained taut and did not shift 
laterally. 


(3) Complete Assembly 

Now the platinum coating filament was removed at X, and the tube also 
opened at X,. The frame carrying the filaments was next inserted, lower end 
(of smaller diameter than the inside of the main tube) first. It was sealed 
at X, and X, after which the glass rod having fulfilled its purpose was re- 
moved and its supporting tubes sealed off at D, and D,. The filaments re- 
mained as previously adjusted. Fig. 6d shows the completed tube. The tube, 
with charcoal tube and ionization gauge attached at F, was then evacuated, 
rebaked and tested with the gauge for leaks and slow evolution of gas. The 
charcoal tube was separately outgassed at a higher temperature. Just before 
sealing off, a thin walled glass capsule of caesium was broken in a side 
tube and about one cc of caesium distilled into the large appendix H. The 
usual gas evolution in this process was avoided by using capsules filled with 
caesium which had already been well freed from gas. 

The filaments A and B were 2.85 mm apart as determined by examination 
with a microscope through the clear glass annular folds. From this spacing 
and the known diameters of A and B, the fraction (f) of the atoms leaving 
A which are intercepted by B was calculated. f = 0.0071. 

Aging of Tungsten Filaments 

In previous work on the electron emission from clean tungsten it has been 
found necessary to age the filaments to obtain reproducible results. With Cs 
on W an aging process is perhaps even more important. All filaments used were 
aged at 2400°K for at least 10 hours followed by an hour at 2600° and finally 
several short flashes at 2900°. It was further shown that the rate of evaporation 
of Cs ions from the filament was a most sensitive guide in this process. The 
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cold filament was allowed to coat with Cs, the tube being at room temperature. 
The tube was then immersed in liquid air to freeze out all Cs vapor. Next 
the filament was heated to a temperature (about 850°K) where the rate of 
ion evaporation was slow enough to be followed on a sensitive galvanometer. 
If the filament were not sufficiently aged, the plot of evaporation rate against 
time or against the amount of Cs, 6, left on the surface at any time, showed 
a number of maxima or peaks as in Fig. 7. These peaks were also observed by 
Kingdon in earlier unpublished work. Such irregular evaporation is probably 
caused by non-uniformities of the tungsten surface and would make it dif- 
ficult to obtain rates and heats of evaporation characteristic of the whole sur- 





Fic. 7. (a) Irregular evaporation rate for ions from an 
unaged filament. (b) Uniform variation of evaporation 
rate from a sufficiently aged filament. 


face. After sufficient aging, the rates of evaporation increased to maximum 
values and the peaks merge into a smooth curve as also shown in Fig. 7. Further 
aging produces no change. It was found that a fine grained filament was most 
easily brought into this final condition and such filaments were used in this 
work. The average grain size in these filaments was about one-fifth the di- 
ameter of the wire. 


Control of tg 

In these experiments 4, was varied about one thousand-fold from ~ 10” 
to 10'4 atoms cm-? sec~!. To maintain any particular pressure a large Dewar 
flask containing kerosene vigorously stirred surrounded the tube. The bath 
was heated electrically or cooled below room temperature by use of a coil 
containing liquid air. In preliminary experiments only the appendix H was 
immersed in the bath, the rest of the tube being at room temperature. It was 
then observed that the galvanometer readings following ballistic kicks, especially 
at high 6’s, did not return immediately to zero, but showed a lag of several 
seconds. This lag was found to be due to the burst of atoms suddenly libera- 
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ted from filament A. These apparently did not come instantly to equilibrium 
with the walls of the tube and there resulted a pressure increase of short dura- 
tion which was registered on filament B. This effect was eliminated by freshly 
coating the walls of the tube with caesium before any daily series of experi- 
ments and by immersing. the whole tube in the bath liquid. This served to 
cover and keep covered any spots on the walls of the tube which were not 
acting as true caesium surfaces. 


Filament Temperatures 


The filament temperatures were found from the known diameter and the 
measured value of filament current. The temperature scale for tungsten and 
the tables given by Jones and Langmuir® were. used. 

Below ~ 550°, even with the long filament used, cooling of the central 
part of the filament A became appreciable, because of conduction from the 
leads at bath temperature. Below ~ 750°K, an increase in filament tempera- 
ture due to radiation received from filament B (1200°) sets in. 

The lead cooling correction was calculated® and it was shown that though 
the temperature of the 3 cm long central part of the filament was reduced, 
the distribution remained uniform to < 1°. The lead loss correction was 
—3° at 550°K and —20° at 430°K, the lowest temperature used in measure- 
ments of atom evaporation. 

The radiation correction was determined in two ways. First the change in 
resistance of the filament A was observed with B hot and cold, at various tem- 
peratures of A. Second, the current required to produce a given electron emis- 
sion (4, constant) when filament B was hot and cold was observed. By compari- 
son the true temperature of A with B hot was obtained. The radiation correc- 
tion amounted to +3° at 750°K and +50° at 430°K. | 


V. Determination of c,; 


Various low pressures (u, = 10" to 101%) of caesium were established and 
then filament A was maintained at a low temperature 7, until trial showed 
that o, had reached its limiting steady value fixed by the balance between 
evaporation and condensation. In successive experiments, as 7 was progres- 
sively lowered, it was found that o,, as given by the 2-filament method, increased 
at first rather rapidly and then very slowly until finally when 7, was reduced 
below about 325°K no further increase in o, occurred. This quite definite 
limiting value which was observed in numerous experiments was presumed 
to be the value o,, corresponding to a complete monatomic film. These experi- 
ments gave o,, = (4.80+0.05) x 10 atoms cm-?. 

Intervals at higher temperatures (~ 400°K) to allow possible favorable 
rearrangements by migration did not change o,,. Only by cooling the filament 


® H.A. Jones and I. Langmuir, Gen. Elect. Rev. 30, 310, 354 (1927). 
* I. Langmuir, S. MacLane and K. B. Blodgett, Phys. Rev. 35, 478 (1930). 
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(by immersion of leads in liquid air) below the temperature (bath temperature) 
corresponding to saturated caesium vapor were other values of o observed. 
These were greater than 4.8 x 10-4 and increased very rapidly as the filament 
was cooled below bath temperature. If the filament was now heated only slightly 
above bath temperature, o,, = 4.8 10-4 was again obtained. 

In these experiments no detailed study was made of the conditions which 
give values of o, slightly lower than ¢,,. In later experiments, Section XII, 
the actual slow variation of o with T and yz, in this region was recorded and 
further justification is given for regarding this limiting value as that correspond- 
ing to a complete monatomic film. 


VI. Analysis of Experimental Data on Atom Evaporation 


Fig. 8 gives the experimental data on atom evaporation. The apparent (ob- 
served) concentration of adsorbed caesium, o,, is plotted as a function of 1/T. 
For each curve y, is constant and has the value indicated. The values of o, 
above 0.25 x 104 were determined by the 2-filament method. Below 0.30 x 10", 
o, was determined by the direct flashing method. An enlarged plot of the 
lower o, data is also given. 

The equation chosen for analysis of the data is 

In y, = A,—B,/T, (6) 


where A, and B, were functions of 6 only. It has been shown theoretically* 
that A, consists of two parts such that 


A, = A+S, (7) 
where 


S = In0+1/(1—6)— In (1—6). (8) 


The dependence of A and B, on @ remained to be determined by the experi- 
ments. 

If this form of equation is applicable to the observed data, then (In »,—S) 
plotted as a function of 1/T, at any value of 0, should give straight lines of slope 
B, and intercept A. With the values of »,(= u,) and 1/T at various constant 
values of o, read from the smooth curves (Fig. 8) drawn through the experi- 
mental points, such straight lines were obtained. The intercepts, A, showed 
a small variation with 6 expressed empirically by 


A = 61+4.8(6—462). (9) 
With values of A and S from Eqs. (9) and (8) A, was calculated as a function 
of 6. From these values of A, and the observed values of », and T from the 


data shown in Fig. 8, B, was calculated by Eq. (6). For values of 6 up to about 
0.6, it was found empirically that B, for all values of u, could be represented by 


B, = 32,380/(1+0.714) (10) 
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within the experimental error of about 0.3 per cent. For larger 6’s, B, deviated 
from this expression slightly; however, the deviation was about 2 per cent at 
6 = 0.8 and 4 per cent at 6 = 0.9. 

The extent of the agreement of the values of B, obtained from the experi- 
mental data with the empirical equation, Eq. (10), is shown in Fig. 9 which 
is a plot of 1/B, against 6. If the data are to agree with Eq. (10), the points 
should lie on a straight line. 
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Fic. 8. Experimental data on atom evaporation. Observed concentration of caesium 
(o,4) as a function of 1/T. 


In the first analysis of the data by this method, values of 1/B, were obtained 
which fitted Eq. (10) down to 0 = 0.05. Below this 1/B, deviated as shown 
at X in Fig. 9. Such a deviation means that the observed values of v, were less 
than those calculated by Eq. (6) when using values of B, from Eq. (10). At 
such low surface concentrations, repulsive forces between adatoms should 
begin to be inappreciable so that the equation of state of the adsorbed film on 
a homogeneous tungsten surface should approach that of an ideal 2-dimensional 
gas, viz., F = okT. This would mean that the heat of evaporation measured 
by B, should change very little with 6 for these small values of 6. It seems pos- 
sible to account for the increasingly rapid change in B, at low 6 as shown by 
curve X, only if the tungsten surface is not completely homogeneous. By trial 
it was found that this difficulty disappeared if it was assumed that 0.5 per cent 
of the tungsten surface holds caesium so much more firmly than the rest that 
this active surface becomes saturated before more than 0.5 per cent of the remain- 
ing surface is occupied. Thus the total concentration could be expressed as 


Fors = o,+o, soared O41 (6,+9,); (11) 
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where the subscripts refer to the active and normal parts of the surface. When 
the active surface becomes saturated, so that 0, = 0.005, 


6, = 0,»,—0.005. (12) 


Calculating », or 1/B, from Eqs. (6) and (10) with 6, instead of 6,,, gave 
agreement with experiment down to values of 6, as low as 0.01, as shown by 
the points that lie along the straight line in Fig. 9. Any deviations which existed 
below this concentration were to be attributed to lack of saturation of the active 
surface, i.e., when 0, < 0.005. 


ad | Poe oe 





Fic. 9. Experimental variation of 1/B, with 0. Bz is pro- 
portional to the heat of evaporation for atoms. X is the 
deviation caused by the active areas. 


The validity of Eqs. (6), (9) and (10) and likewise the precision of the expe- 
rimental determinations of 0, is shown by the fact that the experimental points 
in Fig. 8 have an average deviation from the calculated curve of about 1° in 
T with no deviation greater than 3° up to 0 ~ 0.6; at higher 6’s the deviations 
vary from 2 to 15°. 

For convenience in calculation, Eq. (6) may be written with common 
logs as 


logio = A,—B,/T (13) 


where A, and B, in heavy faced type represent the values of A, and B, (from 
Eqs. (7) and (10)) divided by 2.303. Table I in the first two columns contains 
values of A, and B,. Up to 6 = 0.6 the tabulated values of B, were calculated 
from Eq. (10). At higher 6’s the experimental variation of B, with @ was 
used as determined from Fig. 9. Complete explanation of the use of 


Google 


Evaporation of Atoms, Ions and Electrons from Caesium Films on Tungsten 393 


Table I will be given in Section X after electron and ion emission have also 


been discussed. 
Fig. 10 shows 6, as a function of 1/7 (calculated through Table I) for a large 


range of values of y,. 
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Fic. 10. Fraction (9,) of the tungsten surface covered with caesium at the tempera- 
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Theory of Adsorption by Isolated Active Spots 

If the isolated active areas are all alike and each is capable of holding only 
one adatom, the average life t, of an adatom on the active area is independent 
of o,. Since the probability per second for the evaporation of any adatom is 
1/t,, the total rate of evaporation from the active areas is o,/T,. 

In a steady state this must be balanced by the rate of arrival of adatoms 
from the vapor phase. Since a for the surface as a whole is unity, we must as- 
sume that an incident atom whose path is directed towards an elementary space 
of the active area which is already occupied by an adatom, condenses in an 
adjacent vacant normal space. The total rate of arrival into the active areas 
from the vapor phase is thus “(0,,—9,), where 0,, is the maximum value of 6,. 
Equating the rates of evaporation and condensation we have 

H(9,- —9,)/9, = Fa1/Ta- (14) 

Langmuir has derived a general equation for the life of adatoms which may 

readily be put in the form! 
tog = 1.73 X10-7 MT et (15) 


10 See reference 2. The above Eq. (15) is obtained by combining Eqs. (5), (6), (7) and 
(37) on pages 2799 and 2806. 
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TABLE I 
Data for Calculation of Evaporation Rates 
Logi » = A—B/T 


(Note that here common logs are used. To obtain values of Ag and Bg for use in Eqs. (6) 
to (10) multiply the tabulated values by 2.303.) 








Atoms (vq) Ions (¥,) yams 
6, | Ag | Ba Ap | B; BR 6| lhl 
0 14,061.2 10,293.6 23,990 0.000 
0.002 24.2328 14,043.2 23.9318 10,409 23,853 0.0268 
0.005 24.6401 14,013.3 24.3391 10,515.6 23,716 0.0540 
0.01 24.9558 13,963.8 24.6549 10,730.1 23,452 0.1064 
0.02 25.2859 13,866 24.9849 11,141.8 22,941 0.2079 
0.03 25.4913 13,769 25.1904 11,530 22,457 0.3038 
0.04 25.6459 13,673 25.3450 11,898 21,992 0.3960 
0.05 25.7719 13,579 25.4709 12,248 21,549 | 0.4840 
0.06 25.8804 13,486 25.5795 | 12,582 21,122 | 0.5686 
0.07 25.9764 13,394 25.6755 12,894 20,719 0.6487 
0.08 26.0633 13,304 25.7623 13,196 20,325 0.7267 
0.10 26.2179 13,127 25.9169 13,761 19,584 | 0.8738 
0.12 26.3556 12,954 26.0546 14,284 18,888 1.012 
0.15 26.5388 12,703 26.2379 15,029 17,893 1.2094 
0.20 26.8081 12,306 | 26.507 16,095 16,429 1.500 
0.25 27.050 11,934 26.749 17,061 15,089 1.7658 
0.30 27.276 11,583 26.975 17,907 13,891 2.0034 
0.40 27.707 10,939 27.406 19,365 11,792 2.420 
0.50 28.142 10,364 27.841 20,350 10,230 2.73 
0.55 28.375 10,098 28.069 20,588 9726 2.83 
0.60 28.629 9849 28.328 20,638 9424 2.89 
0.65 28.916 9623 28.612 20,563 9272 2.92 
0.70 29.256 9425 28.955 20,368 9272 2.92 
0.75 29.683 9256 29.377 20,103 9373 2.90 
0.80 30.266 9110 29.965 | 19,800 9524 2.87 
0.85 31.159 8985 | 
0.90 32.821 8881 | | 
0.95 37.495 8798 | | 
1.00 8733 | | | | 
| 


where T, is the mean temperature over the range of validity of the equation. 
Taking T, = 800° and M = 133 (the atomic weight of Cs) and eliminating 
0 /t, between this equation and Eq. (14) we obtain 


In [4 (8,:—8,)/6,] = 65.8—b/T. 
With common logarithms this becomes 
Logie [1 (0.1—8,)/9,] = 28.58—B'/T. (16) 
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In these equations 6,, and B’ should be constants whose values we now 
wish to determine from our experimental data on 0,,, as a function of uw and 
T for very dilute caesium films. These data are given in the first three columns 
of Table II. 














TaBL.e II 
Relation of Adsorption on Active and on Normal Areas for Dilute Caesium Films 
1 2 3 4 5 6 7 8 9 
Ha Bobs 1 0?/ T A a B, 6, 0, 0’ B’ 
0.00209 0.891 | 23,607 | 14,059 | 0.00048 0.00161 0.322 | 19,306 
1.2x 10% | 0.00419 0.925 | 24,076 | 14,050 | 0.00141 0.00278 | 0.555 | 19,020 
0.00628 0.945 | 24,345 | 14,037 | 0.00257 0.00371 0.742 | 19,000 
0.00209 0.775 | 23,739 | 14,058 | 0.00065 0.00144 0.288 | 19,797 
70x 1018 0.00419 0.810 | 24,219 | 14,043 | 0.00195 0.00224 0.448 | 19,328 


0.00628 0.828 | 24,461 | 14,030 | 0.00337 0.00291 0.582 | 19,188 
0.01047 0.850 | 24,744 | 14,000 | 0.00630 0.00417 0.835 | 19,388 


A series of trials has shown that the best agreement of these data with Eq. 
(16) is obtained if we take 0,, = 0.005 as found in the preliminary analysis 
which led to Eq. (12). 

Since # can be expressed as a function of 0, and T by Eqs. (6) to (10) or 
~ by Table I, we can by a series of approximations (or graphically) determine 
6, for each set of experimental values of ~ and JT. The values calculated in 
this way are given in the 6th column of Table II. Columns 4 and 5 contain 
values of A, and B, used in these calculations. 

Subtracting 0, from 6,,, in accordance with Eq. (12) we obtain the values 
of 6, given in the 7th column. The 8th column contains 6’, the fraction of the 
active surface occupied by adatoms: 


6’ = 0,/0,, = 2008,. 


The 9th column contains values of B’ calculated from Eq. (16) from the 
values of u, 6,, and T in the table. These results fully justify our assumption 
that B’ is independent of 6, and indicate that the adatoms in the active areas 
are so far apart that they do not influence one another and therefore are to 
be regarded as isolated active spots. Eq. (16) becomes 


log io [# (1—6’)/6’] = 28.58—19,300/T. (17) 


‘These ‘‘active”’ spots may be located at any re-entrant angle between crystal 
planes or at irregularities in the lattice which may cause a Cs atom to be held 
more tightly than at other points. Thus the active area 6,, will probably vary 
in extent depending on the grain size of the filament and on the heat treatment 
given. However, the properties of the normal surface will be unaffected. It is 
to be noted that Eq. (17) is in such a form as to be valid even if 8,, should change. 
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VII. Equation of State and Evaporation Equation 
for the Adsorbed Cs Film 


The equation of state of the two dimensional gas making up the adsorbed 
film was found theoretically? for molecules which repel as dipoles, by means 
of the Clausius virial. The forces are repulsive forces varying as the inverse 
4th power of the distance (r) between adatoms. This equation gave the spread- 
ing force F in terms of 6, J, and the dipole moment M. By use of Gibbs’ 
equation for the adsorption isotherm, the rate of evaporation of atoms », could 
be expressed in terms of 0, 7, and the spreading force F. These equations were 
of the form required by the experimental data. Therefore F and hence M could 
be calculated as functions of 6 entirely from data on the evaporation of atoms. 

The contact potential of the surface against that for pure tungsten could 
also be calculated from the relation. 

V, = 21Mo (c.g.s.) = 1885Mo,6 volts. (18) 


After obtaining V,, the electron emission », was calculated for any value of 
6 from the Boltzmann equation, 
¥-[%_ = exp (V.e/kT) (19) 


and Dushman’s equation for »,, the electron emission from clean tungsten.. 
Likewise the rate of ion evaporation, »,, was calculable" with the aid of 
the Saha equation and was given by 
In (2»,) = In »,+(e/AT)(Ve—V,—V-) (20) 
where V,, is the electron affinity of pure tungsten 4.62 volts, V, is the ionizing 
potential of the caesium atoms 3.874 volts, and V, is the contact potential as 
defined above. Thus from data on neutral atom evaporation (»,, 6, J) it was 
possible to calculate M, V,, »,, and », for comparison with the experimental 
values of these quantities. Further details and a tabulation of the calculated 
values of F, M, V,, and other quantities included in the theoretical equations 
are given in reference 2. 


VIII. Contact Potential and Electron 
Emission (Experimental) 

The electron emission, »,, was measured from filament A at various fila- 
ment temperatures and pressures of Cs. The relation between 6 and pressure 
being known, the 6 corresponding to each emission was also known. As a check 
in part of the runs, 6 was determined immediately following the measurement 
of v,, by flashing to filament B (2-filament method). 

The values of », involved in the calculation of contact potentials from the 
Boltzmann Eq. (19) and for use in equations relating », to v, and »,, must cor- 
respond to thermodynamic equilibrium and hence were measured at zero field. 


11 See reference 2, pages 2825-2826. 
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The effect of the external field on the electron emission from Cs coated tung- 
sten is in general larger than for pure tungsten and varies with 6. Current-vol- 
tage data were taken for a series of constant temperatures and constant values 
of Cs pressure, corresponding to values of 9 from 0.16 to 0.80. As shown in 
Fig. 11 there were sharp breaks in the plotted data and the value of », at the 
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Fic. 11. Electron emission (v,) vs. voltage for Cs on W. 
Example of curves used to determine v, at zero field. 


break was taken to represent », at zero field. The great variation of the effect 
with 6 is readily seen. Fig. 12 shows that at high and low values of @ the varia- 
tion of », with voltage approaches that for clean tungsten. The largest depar- 
ture is near 9 = 0.55 and decreases rapidly beyond a 6 of about 0.65. The slopes 


TT yT JT. J Jf {]@ | 
= ee 





Fic. 12. Change of effect of external field on ve with 9. 
Dotted line indicates slope of curve for pure tungsten, 
6 = 0. 

below 6’s of 0.30 were not measured accurately enough to show how rapidly 
the behavior of clean tungsten was approached at low 0. It should also be noted 
(Fig. 13) that the zero-field emission as obtained in this way may be far lower 
than that value obtained by extrapolating the normal higher voltage range 
Schottky slope to zero field as Dushman has done.?? 


4S. Dushman, Gen. Elect. Rev. 26, 157 (1923). 
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To compare these electron emission data with the values calculated from 
experiments on atom evaporation as described in Section VII, the correspon- 
ding values of the contact potentials against a pure tungsten surface are plotted 





Fic. 13. Theoretical Schottky slope (straight lines) com- 
pared to actual course of current-voltage curves as zero 
field is approached. 





Fic. 14. Contact potential V,. Variation with 6 as deter- 

mined from measurements of y¥, given by circles, etc. 

V, from measurements of vp, given by triangles. Values 

calculated from atom evaporation data given by heavier 
solid curve. 


in Fig. 14 as functions of 8. The heavy line curve is calculated from data on », by 


the methods described in Section VII, by using a temperature of 800°K. The 
values obtained with T = 600° or JT = 1000° are practically identical with 
those at 800° (within about 0.02 volt for V,). The points indicated by circles, 
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etc., are the contact potentials calculated by Eq. (19), from the ratio of the 
observed electron emission to that from pure tungsten. The agreement is exccl- 
lent up to 6 of about 0.50. At this point the values obtained from », deviate 
and show no maximum as do the points calculated from the observed electron 
emission. The deviation in this region is probably to be explained by a change 
in the law of force between adatoms as the atoms become crowded. The force 
varying as r~‘, as used in the theory, is evidently no longer adequate. 

Table III contains the data on », for a series of values of @ and T at four 
different Cs pressures, together with the contact potentials calculated from 
Eq. (19). Over the entire range of 6, T changed about 500°. At constant 0, », 
varied about 100-fold and T changed 20 to 30° in going from the lowest to 
the highest Cs pressure. This small range of T prevents any conclusions as 
to the effect of temperature on the contact potentials. However, the value 2.8 
volts, obtained by Langmuir and Kingdon, for a heavily Cs coated filament, 
by direct measurement at ~ 300°K, suggests there is no large dependence 
on temperature. 

It is to be noted that the maximum V, or », occurs at 0 = 0.67 and decreases 
as 6 approaches 1.0. As 6’s of 0.5 to 0.6 are approached, the adsorbed Cs atoms 
begin to form a fairly continuous layer. The outer surface of the layer begins 
to have the properties of Cs and not those of a composite surface of Cs and 
bare tungsten as is the case at lower 6’s. At still higher values of 6 the already 
crowded layer tends to be compressed and the adsorbed atoms are given in 
effect smaller atomic volumes. In general, smaller atomic volume is accom- 
panied by lower electron emission. This may explain the decrease in », at values. 
of 6> 0.7. 

Since the values of contact potential from », and », agree so well below 
6 = 0.50, the values from », have been used with Eq. (19) to construct plots 
of y, vs. 1/T down to low values of 0. Fig. 15 shows a family of curves calculated 
for a series of values of u,. The curves were found for 6 >0.5 by using the 
values of V, taken from the smooth curve (Fig. 14) through the points calcu- 
lated from »,. The highest (412°K) corresponds to a pressure of 8.8 baryes; 
the lowest (237°K) to 6.7 10-7 baryes. The curves at higher pressures may 
be compared with older unpublished data of Kingdon taken in the region of 
very low @ (0-3 per cent), where the caesium emission approaches that of pure 
tungsten (y,,). This is of particular interest because it may show whether the 
equations and constants obtained at the pressures of the present experiments 
can be used to calculate electron emissions at pressures many thousand times 
greater. 

The comparison showed a difference of about 20 per cent in the ratio »,/»,,, 
the calculated values of »,/»,, being lower. This is a satisfactory agreement 
considering the difficulty of making experiments at high pressures. 


18 T, Langmuir and K.H. Kingdon, Phys. Rev. 34, 129 (1929). 
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In connection with this comparison with the data of Kingdon, it is desired 
to correct certain equations and statements in the first paper by Langmuir 
and Kingdon! on the Thermionic Effects Caused by Vapors of Alkali Metals. 
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Fic. 15. Field-free electron emission (calculated) from a tungsten filament in equilibrium 
with Cs vapor at the filament temperature 7. Rate of arrival (4¢@q) of Cs and bath tempera- 
tures given on each curve. Pressure at 237°K is 6.7 10-7 baryes; at 412°K it is 8.8 baryes. 

Diagonal straight lines intersecting the curves give corresponding values of 0,. 


In this work no scale of 6 was available and an equation (Eq. (10), page 71) from 
which 6 had been eliminated was derived. This equation was to be applied in 
the region of very low 6. This equation in corrected form should be, 


(»,/¥,,)%* In (»,/%,,) = (c/d)», (21) 
derived from the two approximate equations, valid for low values of 6, 
In (»,/6) = a+a,0; In (v,/0) = c6. 


Original from 


Digitized by Google UNIVERSITY OF VIRGINIA 


‘aesium Films on Tungsten 401 


»f Atoms, Ions and Electrons from C. 


ton O 


Evaporat 























S8‘Z 10] X OT L6L°0 | 98S 

98°7 1101 X $°€ €82°0 | 96S 

£67 si0I X £°7 SSLZ°0 | €19 3°7 rrOl X HT €9Z'0 | 98S 

£6°7 s10} X $°8 67Z°0 | 0€9 L3°7 OT X LE S¢Z°0 | 96S 

£67 e100 X Uy €29°0 | 199 06°7 stOT X 6'T £IZo0 | £19 

98°7 v1OI X OT $6S°0 | LOL 16°72 srOT X 9°S 789°0 | O£9 ¥8°7 erOT X S°9 $89°0 82S 

797 e10I X OZ L9¥'0 | 682 16°7 e10I X ET 7890 | 969 | L8'°7% OT X 969°0 | 96S | S8°% OT X OT 899°0 98S 

£r'Z 210T X TE 7Ov'0 | 9€8 68°7 e10l X 1°72 S790 | 199 | 68°27 sO} X ST £99°0 | £19 | 98°7 1107 X Z'E 8¥9°0 96S 

PTZ s10T X 79 L@E'0 | $68 L8°7 etOI X Z'E 86S°0 | LZL9 | 68°2% nO X 8°E 1£9°0 | 0€9 | L8°7 1rOT X 9 7£9°0 +09 

r4:me § stOl X O'F €97°0 | 0S6 12°72 e1OI X €°€ 66¢°0 | 9EZL | O8'% stOT X 6 S¢S'0 | LL9 | 98°72 stOT X OT £190 £19 

99°T 110] X S*+ T£Z7°0 | 086 V7T 80 X HZ 6rc'0 | 9€8 | LS°% sOL X LE frr'o | 9E2 | OLT st X LT 76¥'0 LL9 

9ST wOl X $°% 1170 | TOOT | SST 1101 X #7 9770 | 906 | 777 110T X 9°E Sve'O | 108 | Iv? 101 X € 76£°0 9€2L 

Tel 1101 X O'T L9t‘0 | OSOT | OL'T or0T X 6 8£Z'0 | 876 | 66'T oOh XZ 86770 | 9€8 | LIZ or0T XS ecco PLL 

°A AG ake ta | Me ed a 8 6 | zc || % 9 | 2 
n01X 06° ex01 X $8°6 x01 X 91° w01 X OLY = Pt 


[otTUaI0g 19VIUOD pajvINIDD puv uowsruy uossey uo vv 


III Fav 


26 Langmuir Memorial Volumes III 


Google 


402 Evaporation of Atoms, Ions and Electrons from Caesium Films on Tungsten 


The equations representing », and », in the present experiments have been 
put in this form and the constants determined. 


a, = 23,100/T-+6.8; Ind = 62-32,380/T 
a = 62-32,380/T; a,/¢ = 0.188 45.53 x 107. 
¢ = 123,000/T. 


Calculations of », or »,/y,, from Eq. (21) give good agreement with the exact 
Eq. (19) up to @ of about 0.04. This treatment is probably applicable to dilute 
films in general. 

In developing an equation of state, Gibbs’ equation was given in a wrong 
form. Correctly it should be dF/d ln», = nkT as given in the present paper. 

Fig. 1 in the paper by Langmuir and Kingdon shows electron emission 
curves plotted as in Fig. 15 of the present paper. The data of Langmuir and 
Kingdon were not corrected for the cooling effects of the filament leads and 
were not determined for zero field. Comparison of corresponding points shows 
emissions in Fig. 15 to be 1/3 to 1/8 of those found by Langmuir and Kingdon. 


IX. Positive Ion Evaporation 
(Experimental) 
The rate of ion evaporation was also studied as a function of filament tem- 
perature and 6 at various pressures of caesium. The emission varies with field 
about as much as for electron emission; ¥, at zero field was obtained in the 





Fic. 16. Current voltage data for positive ion 
evaporation. 
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same manner as for »,, although (Fig. 16), the break in the log », vs. voltage 
curve was not as readily determined. For this reason a slightly different method 
was also employed. The voltage required to keep », constant as the filament 
temperature was varied was found to change rapidly as the zero of potential 
was approached, thus allowing a closer estimate of v, at zero field, by choosing 
the point of greatest curvature. Fig. 17. Since 4, = »,+¥,, 0 could be found 





Fic. 17. Temperature-voltage data for constant 7p. 
Curves used to determine vp, at zero field. 


for any value of », from the known relation between », and 0. To compare with 
the theoretical value of »,, Eq. (20) was used together with In »,,,,.) to calculate 
the contact potential V,. The points in Fig. 14 in the region 0 = 0.10 to 0.14 
were so calculated. The disagreement is not greater than might correspond 
to errors in obtaining », at zero field. 

In connection with the study of positive ion evaporation rates as a function 
of 6, the following general characteristics of positive ion evaporation may be 
given. 

Fig. 18 shows the exponential increase of », with temperature at constant 
values of u,(= »,+¥,). Depending on the pressure, a discontinuity sets in at 
a fairly definite critical temperature (which increases with 4,) and », rises at 
a constant rate until the value characteristic of a clean tungsten filament is 
reached. The variation of this maximum value of », with temperature and the 
external field is discussed in Section XI. The discontinuity has been observed 
previously by Langmuir and Kingdon,? Killian’* and Becker. Langmuir and 
Kingdon! have shown that this discontinuity indicates the existence of caesium 
in two surface phases. 





%« T. J. Killian, Phys. Rev. 27, 578 (1926). 
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Becker® was the first to point out that the existence of the two stable phases 
was a consequence of the relation between »,-+-», and 6. 

Fig. 19 shows both atom and ion evaporation rates (calculated) in the region 
where », and », are of comparable magnitude. The full line ABC gives the sum 
of atom and ion rates from a tungsten filament at 848°K in caesium vapor and 
‘exposed to an accelerating field for ions. It is seen that for cgnstant values of 
Ht4(= »,+¥,) there are three values of 6, as indicated, for example, by the inter- 





w/r 

Fic. 18. Exponential increase of positive ion evapo- 

ration rate followed by discontinuous rise to maximum 
value of ¥, (% = Ha). 


sections of the dotted line with the curve. Thus at a given pressure two values 
of 6 may exist corresponding to two phases, a dilute (8) and a concentrated (a) 
phase. The intermediate 6 is unstable. These phases are separated by a distinct 
boundary whose movement gives the observed rate of change of », at the discon- 
tinuity. Migration has been shown to exist at the boundary between the phases 
and the velocity of propagation has been used to measure D, the coefficient 
of surface diffusion in a recent note by the authors. 

The dotted line in Fig. 19 and ABC enclose the two areas X, and X,. Mathe- 
matical analysis! shows that the condition for a stationary boundary (when D, 
the surface diffusion coefficient, can be taken to be independent of 6) is that 
X, = X; when (v,+»,) is plotted as a function of #. The dotted line in Fig. 19 
has been so drawn. If yu, is raised, the concentrated a phase will appear. The 
velocity of motion depends on the displacement of y,. | 


* I, Langmuir and J. B. Taylor, Phys. Rev. 40, 463 (1932). 
** IT. Langmuir, J. Chem. Phys. 1, 3 (1933). 
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Boundaries are established by the formation and growth of nuclei at slight 
inhomogeneities of the surface on which 6 may increase or decrease more rapidly 
than on neighboring areas. Nucleus growth is not possible above point A in 
Fig. 19 since the dilute 8 phase is unstable. It may and does occur for any value 
of 4, producing a 6 between points A and B. The , or 6 at which formation 
and growth begin depends on the surface conditions and on how rapidly y, 
(or 6) is varied. 
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Fic. 19. Atom (yg) and ion (vp) evaporation rates for zero field — 
at the lower values of 6. (Calculated at 848°K.) Circles give 
observed data under conditions as described in text. 


In particular, in Fig. 18 the points where a discontinuity sets in depend 
entirely on this accidental nucleus formation and have no other significance. 
A detailed comparison of these points in Fig. 18 with the curves of Fig. 19 is 
difficult since y, in the former is affected by the field, whereas the latter curves 
represent field free emission of ions. 

As previously discussed (Section IV), a series of ion evaporation experi- 
ments were carried out with the bulb in liquid air so that u, was negligible. 
The rate was changed by aging from an irregular to a uniform variation with 
6 (Fig. 7). These experiments may now be explained more fully. Since y, is 
negligible, there is no mechanism for stopping the growth of newly formed 
nuclei after 6’s lower than those corresponding to the level of point C are reached 
(~ 0.18 percent for Fig. 19). The rate of evaporation will increase rapidly 
as the perimeter (boundary) of the nucleus increases, and fall off when two 
advancing boundaries meet. Each peak in Fig. 7 may be formed by this process. 
A new peak is formed as other nuclei increase their perimeters. Diffusion at 
the boundaries from the concentrated to the dilute phases speeds the process. 
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These conclusions were verified by experiments in which, after one or more 
peaks in the evaporation rate had been passed, the field was reversed so that 
only atoms could evaporate (very slowly in the region B—C). After waiting 
several minutes the field was again reversed and ions allowed to evaporate. 
The ion evaporation, however, did not proceed at the previous rate but at a rate 
two or three times as great. This was because 6 had been made uniform, by 
migration from areas of high 6 to those already cleared by the first peaks. A uni- 
form low @ could also be produced by coating the clean filament in a retarding 
field for ions. Here again, on reversing the field, the values of », were larger 
than when the same total 6 was reached by ion evaporation. 

It is emphasized that the inhomogeneities needed to serve as nuclei for 
these discontinuous boundary effects do not compose any appreciable part 
of the tungsten surface. They are probably crystal boundaries or irregularities 
in these boundaries and need occupy no more than the one-half percent of 
surface discovered in the analysis of the atom evaporation data. That the effects 
are not accidental, such as might be caused by gas covered areas, is shown 
by the exact repetition of the peaks in numbers of experiments made at any 
stage in the aging process. Aging probably removed certain of the inhomo- 
geneities and caused the rest to become sufficiently uniformly distributed to 
produce a regular evaporation rate. 

As further evidence that the smooth curve finally obtained is still disturbed 
by the formation and growth of nuclei and does not represent the true varia- 
tion of », with 6, the observed values of », have also been plotted (circles) in 
Fig. 19. At higher values of 6, ¥o4.) > % calc» This is due to the formation 
of nuclei and boundaries as just explained. At lower values of 0, ¥,,obe) < ¥,xoalo). 
This is because the high rate of evaporation from the few remaining concen- 
trated patches is finally overbalanced by the practically zero rate from the large 
areas of nearly bare tungsten. Thus the observed maximum at 6 ~ 0.04 and 
the whole behavior of »,,.,,, depends on the average of the rates from these 
two (concentrated and dilute) phases and on the displacement of the phase 
boundary. The surface at 6,,, = 0.04 is made up of patches whose concen- 
tration is greater than that corresponding to 6 = 0.04 and areas of nearly bare 
tungsten. 

Although the above types of experiments may give us a more detailed picture 
of the tungsten surface, it must be concluded that they are not suited for studies 
of y, from the main homogeneous part of the tungsten surface. As already shown, 
experiments made under steady conditions (»,+¥», = u,) do give values of 
y, in accord with theory. 

The films obtained in the manner described above by evaporation of ions 
in accelerating fields illustrate the existence under these conditions of films 
which do not conform to the surface phase postulate.?” 

17 A more detailed analysis of this postulate and its implications in connection with a phase 
rule for adsorption has been presented by I. Langmuir, in reference 16. 


Google 


Evaporation of Atoms, Ions and Electrons from Caesium Films on Tungsten 407 


Killian'* has obtained current-voltage characteristics for potassium and 
rubidium ions in the region of space charge limitation. He showed that the 
theoretical equation was followed and also gave curves exhibiting a remarkably 
sharp break at the saturation voltage. Figs. 20 and 21 were obtained for caesium 
ions and electrons in the present investigation. To avoid question as to the 
correct zero of potential the 2/3 power of the current has been plotted against 
the voltage. The break at saturation for ions is so sharp that it can be almost 
entirely accounted for by the small voltage drop along the central part of the 





0 30 40 60 70 
V (Volts) 
Fic. 20. Positive ion currents limited Fic. 21. Electron currents limited by space 
by space charge for Cs ions. charge from clean tungsten. 


filament. For electrons the transition occurs much more gradually and must 
have another explanation. With the masses of the electron and of the single 
Cs atom, the theoretical slopes were calculated. For electrons the calculated 
slope was 1.14x16-* and the observed 1.05x10-*. For ions the calculated 
slope was 1.82 x 10-* and the observed value was 1.65x10-*. The agreement 
is satisfactory since no attempt was made to correct for the influence of the 
second filament held at the potential of the first in these experiments. The 
second filament, acting as a grid, would decrease the observed emissions and 
hence the slopes as found. The theoretical ratio of ion to electron slopes is 
62.6 and the observed value was 63.6. 
An equation, similar to Eq. (21), for the rate of positive ion evaporation at 

very low 6’s may be developed 

In (»,/6) = 6+5,8, 

b = 61.31—23,699/T, (22) 

b, = 6.80—99,900/T. 
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This equation gives », within one per cent up to approximately 6 = 0.02. 
The limit of application is near 6 = 0.03 where the error is about 15 per cent. 
By differentiation an expression giving the position of the maximum in the 
y, us. 8 curve is obtained 

6 nex = T/(99,900—6.8T) (23) 
at 500°K, 1000°K, and 2000°K, 6,,, is 0.00513, 0.01075 and 0.0232. 


X. General Methods for Calculation of », 0 and T 


Table I has been given to simplify calculations of », 6 and 7. In the con- 
struction of this table the type of equation 


logiy » = A—B/T (24) 
was used, where for use in the equation with common logs 
A = A/2.303 and B = B/2.303. (25) 


For example, A, and B, (for atom evaporation) refer to Eq. (1) as previously 
given with natural logs, In » = A—(B/T). A, and B, have been calculated 
from Eqs. (7), (8), (9) and (10), which give their dependence on 6. In addition, 
the corresponding quantities have been calculated for positive ion emission. 
For ion emission, 

A, = A,—In 2, 

B, = B,+11,606(V.+-V,—V,) = B,— 8681+ 11,606V,, 


as given by Eq. (20). For electron emission the Boltzmann equation gives In 
y, = In »,+V,e/RT. | 

In the range 600°—1000°K the electron emission from tungsten is very closely 
given by 

In »,, = 63.44—4.76e/RT.* (26) 
Therefore 
In v, = 63.44—(e/kT)(4.76—V,) 

or 


A, = 63.44, B, = 11,606(4.76—V,). 


The contact potential (V,) was calculated from atom evaporation data for 6 < 0.5 
and from emission data for 0 > 0.5. 

Here also the above values of A and B are for the equations with natural 
logarithms of », (Inv). The A’s and B’s in Table I have been converted 
(by Eq. (25)) for use in the equation with logarithm to the base ten. 

As an example of the use of the table, in Fig. 22, »,, »,, and », have 
been calculated and plotted as functions of 6 at the constant temperature 
1000°K. Fig. 19 is a similar example. Fig. 22 gives the relations between »,, 
v,, and », as 6 changes. The curves are calculated for 1000°K but their general 
course is similar at other temperatures. 


* See reference 2, Eqs. (7) and (98). 
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Heats of evaporation, according to the Clapeyron equation, are given by 
b, = —R[d |n p/d(1/T)] and are obtained for atoms, ions and electrons at any 
value of 6 as follows: 
by = 1.987 [2.303B+ T/2] calories 
_ 2.303B+ 7/2 
~- 11,606 
where B is B, for atoms B, for ions, and B, for electrons. The term 7/2 
is introduced when Eq. (24) is changed to a form containing the pressure 


volts, 
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Fic. 22. Atom (¥,), ion (¥p), and electron (¥,) evapor- 
ation rates at 1000°K, with zero field. 


(p) instead of the rate (v) in accord with Eq. (5), in order to calculate b, as 
given by the Clapeyron equation. T may be taken as 7,, = 800°, the average 
filament temperature in the range (600-1200°K) ordinarily used. 7/2 cor- 
responds at most to only a few hundredths of a volt. 

The work function for electrons, i.e., the exponent (V,) in an equation of 
the Dushman type 

v, = KT* exp (—V,e/kT) 
is 
e = (2.303B,—2T,,)/11,606 volts. 

A similar equation containing B, gives the work function (V,) for ions. The 
term 27,, corrects for the simplification made in adopting Eq. (26). Also 
V,= V,—V,, where V,, is the work function (4.622 volts) for pure tungsten 
and V, is the contact potential. It is to be noted that 


V,, = (bee—(5/2)T)/11,606 volts. 
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XI. The Condensation Coefficient a and 
Transient Phenomena 


Concept of Surface Phase 


Each phase in a heterogeneous equilibrium has properties which are 
uniquely determined by a definite number of parameters such as composi- 
tion, temperature, pressure, etc. 

If similar factors determine the properties of adsorbed films of caesium 
on tungsten, we may expect that all the properties of such a film would be 
uniquely determined by @ and T. On the other hand, one may well conceive 
of conditions under which the properties would depend on many other factors. 
For example, it is possible that the surface of the underlying tungsten may 
vary according to its method of preparation so that the rate of evaporation 
of caesium atoms from different tungsten surfaces would differ even if 6 and T 
were the same. Or again, if a caesium film with given 6 is formed in two dif- 
ferent ways, as, for example, by condensation on to a bare surface or by eva- 
poration from a more concentrated film, the distribution of Cs atoms over the 
surface might be different and thus cause variations in the properties. The 
properties could thus depend upon whether or not the film is in equilibrium 
with the surrounding Cs vapor. 

It will be very useful, however, to look upon the unique dependence of 
the properties on 6 and T as an ideal case which may be approached under 
favorable conditions. Let us, therefore, consider the properties of adsorbed 
films which conform to the following postulate. 


Surface Phase Postulate: All the Properties of an Adsorbed Film on an Under- 
lying Surface of Given Composition are Uniquely Determined by 0 and T 

If this condition is fulfilled, »,, », and », are functions of 9 and T only, 
even if the film is not in equilibrium with the vapor phase. The adsorbed film 
in equilibrium with caesium vapor is thus a system possessing two degrees 
of freedom in the sense of the phase rule.’® 

Under non-equilibrium conditions we then have 


do/dt = a,u,+a,4,—%,—%,- (27) 


Case I. Retarding field for ions.—Under these conditions the ions which eva- 
porate must all be brought back to the filament surface by the field so that 
if there is no external source of ions, 


pies (28) 
and therefore Eq. (27) becomes 
do|dt = a,u,—,- (29) 
Under steady conditions we then have . 
Cy iy «++ Ye. (30) 
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Case II. Accelerating field for ions.—In this case 4, = 0 so that 
do|/dt = a,uU,—%—p.- (31) 
In a steady state we have 
¥, = Aglg—%- (32) 


Determination of a,u, from the Ion Current 


According to Eq. (32), the value a,u, can be calculated from the positive 
ion saturation current density J, by the relation 


af, = (I,/e)(1-+»,/%,). (33) 


At high filament temperatures 6 becomes very small and »,/», approaches 
a limiting value which may readily be obtained from Eq. (20) by putting V, = 0. 
Inserting numerical values of V, and V, we thus find 


logis (¥_/2¥,) = —3770/T. (34) 


The value of y, in this equation is that corresponding to zero field. In experi- 
mental determinations of J, to measure a,u, we usually employed a potential 
of —45 volts on the cylinders. Such fields (about 3000 volts per cm at the 
cathode) have been shown (at constant 6) to increase », about 7-fold without 
having any effect on »,. Thus the ratio »,/», corresponding to experimental 
conditions should be 1/7 of that given by Eq. (34). We thus calculate that 
y,/¥, in Eq. (33) should have values that range from 2.1 10-* at T = 1200° 
to 5.8x 10-* at 1400°. The errors involved in neglecting »,/», in Eq. (33) are 
therefore negligible. 

The experimental data given in Table IV were obtained to test this con- 
clusion. The 2nd column gives the galvanometer deflection (300 = 0.027 
microampere) produced by the ion current obtained with 45 volts on the cyl- 
inder, with the filament temperatures given in the first column. 


TaBLe IV 
Experimental Test of Constancy of the Ion Current at High Filament 
Temperatures 
Voltage = 45; E = 3000 volts cm™; caesium pressure 
2.4X10-* baryes; agu, = 3.410". 


eg le 
ro | eta | galv. és efl. | tpnoto | ipnoto + 300.3 imawvons | On 

1143 300 | 0.02 | 300.3 ee | 42x10 
1307 300 | 0.50 | 300.8 8.6 x10-* 
1380 302 | i 301.8 3.3 x10-* 
1457 305 | 304.9 | 1.3 x10- 
1591 325 8 ‘ | 323.4 eos 10-° 
1717 381 | 387 1.1x10-* 
1839 560 235 es | #6xt0 4.6 x10-# 
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It is seen that from 1143° to nearly 1400° the current remains remarkably 
constant, but rises increasingly rapidly at higher temperatures. This rise has 
been found to be due to photoelectric emission from the adsorbed caesium 
film on the cylinder under the influence of the light radiated from the filament. 
Such photoelectric emission is also observed when light is allowed to fall on 
the tube. 

Since the light intensity of each wave-length varies in accord with Wien’s 
law, the logarithm of the intensity is a linear function of the reciprocal of the 
filament temperature, the slope of the line, for natural logarithms, being 
C,/a, where the radiation constant C, is 1.433 cm deg. Analyzing the data 
for 1, in Table IV it is found, in fact, that the observed current 7, can be re- 
solved into two parts, one having the constant value 300.3, and the other, 
the photoelectric current, being given by 

logio (4pnoto) = 9-08—12,270/T. (35) 

The 3rd column contains values of ¢,,,4. calculated by this equation. The 
4th column shows that the sum of these two currents, 300.3+-7,,,,. agrees well 
with the observed value of j,. 

By immersing the bulb in liquid air the ion current became zero, but the 
photocurrents remained and were found to be 15 per cent lower than those 
given by Eq. (35), so that the constant 9.08 in this equation needed merely 
to be changed to 9.01. ) 

Repeating the experiments of Table IV, with —310 volts on the collector 
instead of —45, gave currents which, analyzed in the same way, gave a con- 
stant ion current having the same value (300.3) as before, but gave photo- 
currents 2.2 times as great as with the weaker field, the coefficient of 1/T in 
Eq. (35) being unchanged. By placing the bulb in liquid air these photocur- 
rents were reduced as before by 15 per cent. 

The effective wave-length of the radiation producing these photocurrents 
(a kind of Crova wave-length) can be determined by equating the coefficient 
of 1/T in Eq. (35) to 2.303 x C,/A; it is found to be 5070A, which is reason- 
able for caesium photoelectric cells. 

We may estimate the magnitude of @ under the conditions of the experi- 
ments of Table IV by the limiting form (as 6 approaches zero) of Eq. (22), 


logy, (¥,/0,) = 26.625—10,294/T. (36) 


Here », is the ion evaporation rate without accelerating field. Since in these 
experiments ¥,, which was equal to 4, was increased 7-fold by the field, we 
may put », = 4.9 104 in Eq. (36). The values of 6,, calculated in this way, 
are given in the last column of Table IV. For such low values of 0, », cannot 
differ appreciably from that for a pure tungsten surface, so that the assumptions 
made in deriving Eq. (34) are justified. 

The experiments thus indicate that within the experimental error of about 
0.2 per cent the saturation ion current is independent of temperature and of 
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field strength for ranges of temperature from 1200 to 1500° and for fields 
from 3000 to 20,000 volts cm-. 

We must conclude from both theory and experiment that the ion saturation 
current method provides an extremely accurate measurement of a,u,; where 
a, is the value of a, for very small values of 6. 


Methods for the Experimental Determination of a, and a ie 


If, now, we had some independent means of determining the vapor pressure 
of caesium, from which we can calculate u,, we could determine a, from 
our knowledge of a)u,. However, as none of the available vapor pressure meth- 
ods appears to be comparable in accuracy or sensitivity with that of the measure- 
ment of y,, we need to investigate other ways of finding a,. 

Experimental data, such as that of Table IV, which were also obtained 
for a wide range of other values of u,, prove that a, is strictly independent of 
temperature in the range from.about 1000 to 1500°, and is independent of E, 
the accelerating field. This suggests strongly that a, is unity since any smaller 
value would probably vary with temperature. There are, however, other methods 
open to us for measuring a,. 

(1) Direct Flashing Method.—Caesium is allowed to accumulate on the fila- 
ment at a temperature 7, at which », is negligibly small, at the rate a,u,. After 
a aie t, o, is measured by the D.F. method (see Section III and Fig. 4). 

= Gat where a,, is an average value of a, over the range in 6 from 0 
fe to the final value at time ¢. 

Fig. 23 gives some typical data with the filament during accumulation 
at 300°, at 970 and 1001°. 





({SECONDS). 


Fic. 23. o, vs. time at 300°, 970° and 1001°K, 
for #, = 6.2010". Data obtained by direct 
flashing method for use in measuring dg. 


Each experimental point shown for curves I, II and III corresponds to 
a separate run in which the caesium was allowed to accumulate for the time ¢ 
after cleaning the filament by flashing. The: straight line drawn through the 
origin has been drawn with a slope equal to a,u, as determined by this steady 
ion current method. The experimentally determined points are seen to lie 
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quite accurately on these lines at sufficiently low values of 6. We shall see 
that at 970 and 1001° the deviations from the straight line at the higher 6’s 
in curves II and III agree with those calculated from the known evaporation 
rates of these films at those high temperatures. 

The data obtained with the filament at 300°K during the accumulation 
time, curve I, show that the observed points lie quite accurately on the straight 
line through the origin up to values of 6 of about 0.07. The deviations at higher 
6 are due to evaporation of Cs as atoms during the flashing. This is shown 
by the fact that the curve remains entirely unchanged if 7, is varied from 
300 to 800°K, but the deviations do depend slightly on the flashing tempera- 
ture and on the rapidity with which the temperature is raised. The direct 
flashing method is thus only applicable for values of up to about 0.08. 





t (SECONDS) 


Fic. 24. o,4 os. time at various filament temperatures and Cs pressures 
(4g) a8 indicated. Data obtained by two filament method for use in 
measuring dg. 


The fact that the experimental points lie on the straight lines of slope 
a, for sufficiently small 6 proves that a,,u,¢ equals a,u,t. We conclude that 
for temperatures up to about 800° and for values of 6 up to 0.07, a, is con- 
stant and equal to a, within the experimental error of less than 1 per cent. 
At 970° the same conclusion may be drawn up to 6 = 0.02. 

(2) Two Filament Method.—After allowing caesium to accumulate on fila- 
ment A at temperature 7, up to a definite value of o, = a,,44,t, 0, is measured 
by the two filament method. If Q represents the quantity of electricity corres- 
ponding to the observed ballistic kick produced when A is flashed, we have 


O = a,,4,tS,fa,e, (37) 
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where S, is the apparent surface area of the filament A within the cylinder 
C,, and e is the electron charge. By dividing Q by S,fe, we thus obtain values 
of a,,a,4,t. 

The experimental points shown in Fig. 24 represent data obtained by this 
method for a series of relatively low filament temperatures, viz., 300, 487, 
530, 590 and 704°K and with three different caesium pressures nen gave, 
by the steady ion current method, values of a,u, of 1.20 10%, 2.1 10" and 
6.2 x 104 atoms cm-* sec~. 

The straight lines marked I, II and III which pass through the origin have 
been drawn with slopes a, as determined by the steady ion current method. 
It is seen that the observed points, for sufficiently low 6, lie within the experi- 
mental error on the straight lines. Since the ordinates of the experimental 
points are a,,a,u,t, while those of the straight lines are a,u,t, this agreement 
proves that a,, = 1 and therefore a, = 1 for values of 6 up to 0.98. We shall 
see that the deviations of the observed points from these straight lines as 6 
approaches a limiting value, are > due to evaporation and do not indicate values 
of a, less than unity. 

In the next section we shall discuss the theoretical significance of the experi- 
mental fact that a, = 1 up to nearly 6 = 1. 


Value of a, 

Moon" has shown that when a beam of Cs ions (without Cs atoms) is di- 
rected against a tungsten filament heated to high temperatures, no net current 
flows to the filament if there is a field near the filament which draws away ions. 
Without this field, or at a lower filament temperature, a current is observed 
which presumably measures the number of ions which strike the filament. 
Moon concludes that all of the ions which condense on the very hot filament 
leave it again as ions (none as atoms). This is a proof that »,/», is very small, 
but does not necessarily prove that a, = 1, although it makes this probable. 
In view of the strong attractive forces between the ions and the tungsten sur- 
face (image force) it is, however, almost certain that there cannot be any ap- 
preciable reflection of low velocity ions, and we may safely conclude that 
a, = 1. 

Transient Effects in Atom Evaporation 

We use the term transient effects to describe the phenomena involving 
changes in 6 as distinguished from steady states in which 6 stays constant. 
The accumulation periods which we have discussed correspond to transient 
states in which », and », are negligible compared to u,. Let us now consider 
the theory of the changes in @ which occur when », and y, are as ead 
in magnitude, and when a retarding field for ions makes », = p,. 

The data of Figs. 23 and 24 show that if a clean filament is held at con- 
stant temperature in Cs vapor of a definite pressure, 9 increases at first at 


18 P. B. Moon, Proc. Camb. Phil. Soc: 27, 570 (1931). 
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the steady rate u,/o,, but thereafter the rate decreases until finally 6 approaches 
a steady limiting value which we shall call 6... Eq. (29), which applies to this 
case, may be written in the following form, since a, = 1 


6 ,,46/dt = u—v. (38) 
In this discussion we shall omit the subscripts of 4, and », except where neces- 
sary to prevent confusion. 
Values of Oo 


When 6 = 6,, we should have » = yu. Thus, since by Eqs. (6) to (10) and 
the data of Table I, » is given as a function of 0, and T, we can calculate 
6, from uw and T. For each of the temperatures used in the experiments of 
Figs. 23 and 24 we have constructed, by the data of Table I, a curve giving 
y as a function of 6, in the range near 6,. and from this curve have read off 
the value of 0, by taking » = a,u, as given by the steady ion current method. 
6.. (by Eq. (12)) is then equal to 6, +0.005. The horizontal portions of the 
full line curves in Figs. 23 and 24 have been drawn by using these calculated 
values of 6... The close agreement of these horizontal lines with the limiting 
values of 6 given by the experimental points is an illustration of the accuracy 
of our general equations for », in terms of 6 and T, and serves to justify our 
use of the surface phase postulate. 

Calculation of Transient Curves 


By expressing » as a function of 6 and 7, we can, by integration of Eq. 
(38), theoretically obtain 6 as a function of ¢. The experimental determinations 
of y, have shown that »y, at constant T increases very rapidly with 0, so that 
within any narrow range of values of 6, say between 6, and 0,, we may put 


vy = K exp (H0), (39) 


where K and H are constants within the range 6, to 0,, but depend on the 
values of 6, and 6,. More strictly, we may define H by differentiation of 
Eq. (39) 

H = din »/d6. (40) 


In Fig. 25 the ordinates are values of H calculated in this way by dif- 
ferentiation of the expression we have derived for In », as functions of 6 
and T. It is seen that except for very small and very large values of 6, H 
changes relatively slowly with 0, so that the use of Eq. (39) is justified if 
the range 0, to 6, is not very great. 

Inspection of the experimental data of Fig. 24 shows that the transition 
between the sloping straight line (o = yt) and the horizontal straight lines 
(6 = 6.) is very rapid. Because of the large magnitude of H, a very small 
decrease in 6 below 6,, lowers », to a value which is negligible compared to 
#, so that d0/dt becomes constant. Thus, to calculate the whole curve, we meed 
only to have an expression for » which applies to a narrow range of 6. 
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Introducing the value of » from Eq. (39) into Eq. (38), we find that the 
final steady value 0,. is given by 

vy = K exp (H0..) = mw. (41) 

Case I.—If we start with a completely coated filament at ¢ = 0 we obtain 

by integration 

exp (—pHt/o,) = 1—exp [—H(0—0.0)].- (42) 

Curves IV and V in Fig. 24 and curve IV in Fig. 23 are examples of Case I. 

For each point the completely coated filament was suddenly raised to the 


indicated temperatures by a condenser discharge and held there by the proper 
current. 





Fic. 25. Values of H, the relative rate of increase 
of ¥, with 0, defined by Eq. (40). 


The full line curves IV and V in Fig. 24 were calculated accurately by Eq. 
(42), by using uw = 6.2X104, o4, = 4.810", and for curve IV, 6. = 0.72, 
H = 33.9 at 530°, while for curve V, 0,. = 0.372, H = 30.4 at 704°. For 
Fig. 23 (curve IV), 0.. = 0.056 at 970°. As these values of 6,. were calculated 
from the values of uw, no adjustable parameters have been used in the con- 
struction of these curves. 

Case II.—Starting with 6 = 0 at ¢ = 0 integration gives (if we neglect 
exp (—H6,.) compared to unity): 


exp (—yHt/o,,) = exp (—H0)—exp (— H6..). (43) 


27 Langmuir Memorial Volumes III 
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The curve OPNP'C in Fig. 26 is the curve given by this equation. Except 
for a short transition region the curve nearly coincides with its two asympto- 
tes OA and BC. It is therefore more convenient to express it in terms of 
the vertical displacement 6 of a point P from the line OA or the displace- 





t 
0 t (time) 
Fic. 26. Curve and construction describ- 
ing Eqs. (43) to (45) used in calculation 
of transient curves. 


ment 6’ from the horizontal line BC. If we let t, be the abscissa cor- 
responding to the intersection M of OA and BC, our equations become 


exp (H8) = 1+exp Hu(—dlon (44) 
and 
exp (Hd’) = 1+ exp Hyu(t—t,)/o,. (45) 


Thus at points P and P’, which are displaced from MN by equal horizontal 
distances, but in opposite directions, 6 and 6’ are equal. The slope of the tan- 
gent to the curve at N is one-half the slope of the line OA. 

The full line curves which branch off from the lines I, II and III in Fig. 24 
have been accurately calculated by these equations without the use of adjustable 
parameters. 

The nearly perfect agreement of the points with the curves proves that 
the transient states during the condensation and evaporation of caesium atoms 
from these concentrated films are determined by the balance between the rates 
of condensation and evaporation as given by Eq. (38). 

These experiments also prove that the surface phase postulate (S.P.P.) 
is applicable to these films. The agreement between the calculated curves 
and the experimental points show that », is determined by 6 and T in accordance 
with Eqs. (6 to 10) and does not depend on the manner in which 6 has 
been reached; i.e., by condensation or by evaporation. 
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In the transient experiments at low 6 (Fig. 23) departures from the S.P.P. 
might be expected to occur. It has been shown that one-half per cent of the 
surface of the filament consisted of ‘‘active spots.” The final value of 0, 
for 970° and », = 6.210" (curve II) is calculated to be 0.051, but the 
plotted data show that in about 2 minutes a final value of 0.056 was reached, 
indicating that the active areas (9 = 0.005) had been completely filled. Now 
in the transient state, as the filament is slowly coated, the concentrations in 
the normal and active areas would remain equal if there were no surface mobi- 
lity by which the active areas could be filled. In 2 minutes the maximum value 
of @ (no re-evaporation) which could be produced by the arriving atoms is 
~ 0.16. However, the active areas contribute only 1/200 of this or a 0 of 
~ 0.0008 and without migration can be filled only after more than 12 min- 
utes. It was particularly observed that the value of @ (0.056) reached in 
2 minutes showed no increase after periods as long as 60 minutes. Also a cold 
filament nearly completely coated (8 ~ 1.0) when heated to 970° (curve IV) 
quickly attained the same final value of 6 leaving no doubt as to the absence 
of any delay in reaching a steady value of 6. The full line branching curves 
in Fig. 23 calculated with the assumption of complete occupation of the active 
spots by migration early in the coating process, agree excellently with the 
observed points. The existence of an interphase surface mobility is thus well 
demonstrated. It is only by virtue of such mobility!’ that the S.P.P. applies 
to these experiments with dilute films. 

Since the surface diffusion coefficient for these films is known from other 
experiments, it has been possible!® to calculate the distance which the ad- 
atoms may move in reaching active spots without disturbing the surface phase 
equilibrium. This distance (~ 0.03 cm) was found to be large compared to 
the distance (~ 0.001 cm) between active spots assuming these are located 
along crystal boundaries. 


XII. Mechanism of Condensation and Evaporation 
for Concentrated Films 


The fact that a, = 1 up to values of 6 as high as 0 = 0.98 is of profound 
significance in its bearing on possible mechanisms of condensation and. eva- 
poration. 

According to the reversibility principle*® ‘‘every element in the mechanism 
of a reversible process must itself be reversible,” so that ‘“‘the mechanism 


of evaporation must be the exact reverse of that of condensation even down 
to the smallest detail.” 


1® See reference 16, discussion of Eq. (12). 


#¢ I. Langmuir, J. Am. Chem. Soc. 38 2221—2295 (1916). See particularly page 2253 and 
footnote on page 2262. 


27? 


Google 


420 Evaporation of Atoms, Ions and Electrons from Caesium Films on Tungsten 


Let us postulate several different possible mechanisms for evaporation and 
see whether or not, when they are reversed, they yield reasonable mechanisms 
for condensation and whether these are consistent with the experimental fact 
that a = 1. : 


We first need to define some terms which will help to make our concepts 
more precise. In a state of equilibrium the atoms near a plane surface may 
be divided in general into four groups: 

(1) Adsorbed atoms or adatoms. These are the atoms on the surface which 
contribute to 6. 

(2) Incident atoms, or atoms which are moving towards the surface from 
remote regions. The paths described by the nuclei of such atoms are called 
incident paths. 

(3) Emergent atoms, or atoms which are receding from the surface along 
paths (emergent paths) that will carry them to remote regions. 

(4) Hopping atoms, or atoms whose nuclei describe paths (hopping paths) 
that originate and terminate on the surface. 


We may define the remote region as that region which lies outside of the range 
of the surface forces, where the paths of the atoms are straight lines. The region 
closer to the surface where the paths are curved we shall call the force sheath. 

When the nucleus of an incident, or a hopping atom, approaches to a defi- 
nite point close to the original surface, the atom either becomes an adatom 
or it starts to describe a new path (emergent, or hopping). Let us call this 
definite point the terminus of the path. Similarly, each emergent and hopping 
path has an origin. The straight paths of the incident and emergent atoms 
in the remote region, if extended as straight lines to their intersections with 
an ideal plane at the adsorbing surface, give points which we shall call the 
flight termini and flight origins. 

When equilibrium prevails, the concentration of atoms, their directions of 
motion, and their velocities are governed by the laws of the Maxwell-Boltzmann 
distribution (M.B.D.) throughout the force sheath as well as the remote region. 
Thus, all the paths (incident, emergent and hopping) that pass through any 
point have a spherically symmetrical distribution of directions at that point. 
The concentrations of atoms must vary in accord with the Boltzmann equa- 
tion: 


n = ny exp (—Ve/kT), (46) 


where Ve is the increase in potential energy of an atom when it passes from 
a region where the concentration is m) to one at which it is n. 

We see, then, that the flight termini and flight origins must be uniformly 
distributed over the ideal surface plane (i.e., distributed with uniform pro- 
bability per unit area). 

Since the adatoms are held by strong forces originating from the underlying 
tungsten atoms which are arranged in a definite surface lattice, there must be 
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a strong tendency for the adatcms to occupy definite positions (elementary 
spaces) on the surface. Experiments on the mobility of caesium adatoms on 
tungsten’® have shown that the activation energy needed to cause an adatom 
to hop from one elementary space to an adjacent one is about 0.6 electron-volts. 
Introducing this value into the exponent of Eq. (46) we find that at T = 1000° 
the probability per unit volume for the occurrence of an atom (i.e., its nucleus) 
in the potential depression near the center of an elementary space is 1050 
times as great as the corresponding probability for a position at the potential 
barrier which separates the elementary spaces. 

Thus the adatoms are normally oscillating about equilibrium positions 
corresponding to the elementary spaces, with amplitudes which are rather 
small compared to the distance between elementary spaces, and only rarely 
hop from one position to another. 


Evaporation of Adatoms from Dilute Films 


With the foregoing concept of elementary spaces, it might seem reasonable 
to postulate that most of the evaporating adatoms pass from their normal 
positions directly into the vapor phase as emergent atoms. If we think of the 
reverse process, however, we recognize that since the flight termini must 
be uniformly distributed over the surface, the incident atoms cannot in general 
have paths which lead them directly to the normal equilibrium positions. 
A large portion of the incident atoms must make their first contact with the 
surface in positions close to the potential barriers, and if a = 1 all of these 
must then move to their final normal positions by a series of hops. Conversely, 
we must reason, by the reversibility principle, that a large fraction of the emer- 
gent atoms have flight origins near the potential barriers in spite of the low 
concentration of adatoms in these regions. 

A little closer consideration shows that although at the barrier the concen- 
tration is only 1/1000th of that at the normal positions, this difference is coun- 
terbalanced by the fact that the probability of evaporation of any atom at the 
barrier is 1000 times as great as for an atom in a normal position. Thus the 
evaporation is essentially uniform over the surface, although the distribution 
of adatoms is nearly discontinuous. 

It is thus evident, if a = 1, that hopping paths must be enormously more 
numerous than emergent paths. Surface mobility is an essential part of the 
mechanism of evaporation. 


Emergent Atoms from Nearly Saturated Films 


Let us imagine a nearly saturated adsorbed film (8 ~ 1) from which adatoms 
pass as emergent atcms into the gas phase. If this is the only mechanism of 
evaporation, then condensation can occur only when incident atoms make 
their first contact with the surface in a vacant elementary space. All other inci- 
dent atoms must be reflected; that is, they must escape again by emergent 
paths. Hopping paths would have to be excluded, for they would provide other 
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opportunities for condensation, and therefore there would be other mechanisms 
for evaporation than those which we postulated as the only possible ones. 

The probability that a flight terminus shall lie in a vacant space is 1—6. The 
probability that an incident atom should fly into a vacant space without col- 
liding with adjacent atoms is very much less than 1—6. Thus, on the basis 
of our assumed mechanism, a would have to be less than 1—8. 

An apparent reflection coefficient approaching unity for incident atoms 
striking a covered part of the surface may readily be accounted for by an extrem- 
ely high evaporation rate from the 2nd layer of atoms as compared to that 
from the 1st layer.2! It is reasonable to assume, however, that an atom cannot 
exist, even momentarily, in a 2nd layer unless it can be supported by four under- 
lying adatoms in the 1st layer. The chance that a given space is occupied is 
6 and the chance that 4 given spaces are occupied is #*. Thus the probability 
that an incident atom will evaporate from the 2nd layer is 64 so that the appa- 
rent value of a would be 1—6*. Experiments with steel balls thrown at random 
onto a surface partly covered (to the fraction 6) with similar balls, in random 
arrangement in spaces which form a square lattice, show that the fraction of 
incident balls which go into a second layer is, in fact, very close to 64, for values 
of 6 from 0.2 to 1.0. Thus for 6 = 0.85, a would be 0.48 and for 6 = 0.98, 
a = 0.078. . | 

With this mechanism for condensation, most of the atoms which evaporate 
would have to make one or more collisions with the adjacent adatoms before 
they escape. 

Although this postulated mechanism is probably suitable for the explana- 
tion of many cases of adsorption of gases on solids, it obviously is inapplicable 
to the case of caesium films on tungsten and all other cases in which a = 1 
up to high values of 0. 


With High Values of 0 and a the Emergent Atoms Must Come from a Second 
Adsorbed Layer 


Since the paths of incident atoms cannot in general be: directed towards 
regions in which the surface concentration is below the average, it must follow, 
if a = 1, that just after condensation the concentration is locally raised at the 
point of condensation. Conversely, an atom can emerge only from regions 
having locally abnormally high surface concentrations and the act of emergence 
must bring the local surface concentration back to normal. It thus seems im- 
possible to reconcile the observed simultaneous occurrence of high values 
of a and of 6 with any mechanism by which an appreciable fraction of the emer- 
gent atoms have path origins in the first adsorbed layer, even if we assume a high 
mobility among the adatoms. 

These difficulties disappear, however, if we postulate that the origins of 
a large fraction of the emergent paths lie in a second adsorbed layer. We must 


"I. Langmuir, Proc. Natl. Acad. Sci. 3, 141 (1917). 
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assume that adatoms in the first layer hop, from time to time, up into a second 
layer which, however, covers only a very small fraction of the surface. The 
atoms in this second layer migrate over the surface and may evaporate or may 
hop back into vacant spaces in the first layer. Since an atom which evaporates 
from the dilute film of the second layer does not leave a ‘‘hole”, no difficulty 
occurs in assuming that all incident atoms condense by the reverse process. 
Covering Fraction 6, in Second Layer 

We have seen that the heat of evaporation (at constant pressure) of caesium 
adatoms from tungsten, for values of # approaching unity, is about 41,000 calories 
per gram atom, which is equivalent to 1.78 electron-volts. This, of course, 
represents the energy that must be expended in taking an adatom from the 
first layer of adatoms out to a remote region. 

An atom in a second layer is not in direct contact with the tungsten surface, 
but is in approximately the same condition as an atom on the surface of metallic 
caesium. The vapor pressure p of caesium is given (in baryes) by! 


logiop = 10.65—3992/T. (47) 


The heat of evaporation corresponding to this equation is 18,240 calories 
or 0.79 volt, or only 44 per cent of that of adatoms in the first layer. 
The average ‘‘evaporation life” of an atom*™ in the surface of a solid or liquid 
is given by 
r= (2nmkT)'h0,/p, (48) 


where t may be defined by the statement that dt/t is the probability that any 
surface atom will evaporate in the time dt. Placing o, = 3.56104 we thus 
find that for Cs atoms in the temperature range from T = 300 to 1100°, t is 
given in seconds by , 
logiot = 12.82+-3840/T. (49) 


Let us now assume provisionally that t is the same for all exposed adsorbed 
atoms in the 2nd (or 3rd) layer on tungsten as for atoms in a surface of 
metallic caesium at the same temperature. We thus take t to be independent 
of the surface concentration of atoms although for the lst adsorbed layer on 
tungsten the strong repulsive dipole forces between adatoms cause t to decrease 
as 0, increases. Since Cs atoms on a layer already covered by caesium probably 
have very small dipole moments, and any small moment that does exist may 
be compensated for by attractive forces, it seems reasonable to make this sim- 
plifying assumption. 

We may then put 


t = 0,0,/» (50) 
and under steady conditions in which v = p we then have from Eq. (49) 
log,o(4/6,) = 27.37—3840/T. (51) 


*2 See Eq. (15), reference 2. 
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Here 6, represents the fraction of the available part (64) of the first layer which 
is covered by the adatoms in the second layer. The total number of atoms in 
the second layer per unit area of true tungsten surface is thus o,646,. 

When uy increases to the value yu, corresponding to saturated vapor at the 
temperature of the filament, 6, must rise to unity. Thus by Eq. (51) we have 
as an equivalent definition of 6, 

6, = b/s. (52) 
In experiments on transients 4 or » must have values which give reasonable 
time intervals for coating or depleting the surface. With 4 = 10 the coating 
time to 6 = 1 is one hour and with 10% it is 0.4 second. Let us therefore choose 
these values of 4 and calculate by Eq. (6) for various values of 6, the correspond- 
ing temperatures. These data are given under T in Table V. 


TABLE V 
Covering Fractions 6 and 6° for the First and Second Layers and Rates of 
Interchange 0 of Atoms between These Layers 


: p= 10% p= 10" 
TK | 6, | e iTK| 6, | @ 


0.5 0.505 | 0.065 | 605 9.5x10-% | 1.3 x10!” 789 | 3.2 x10-* 5.6 x10"* 
0.7 0.705 | 0.24 516 1.2 x10-* 8.4 x10?” 661 2.8 x10-? 2.5 x10*° 
0.9 0.905 | 0.67 407 1.2x10-7 1.6 x10"* 498 2.2 x10-* 4.6 x10" 
0.95 | 0.955 | 0.83 332 1.5 x10-§ 4.1 x10*° 391 3.0 x10-* 1.7 x10” 
0.96 | 0.965 | 0.89 | 306 1.6 x10-* 2.1 x10** 355 2.8 x10-* 8.4 x10" 
0.97 | 0.975 | 0.91 270 6.9 x10-* 2.8 x10" 308 _ — 


234 1 310 1 | — 





With these values of 7, putting » = yu we calculate by Eq. (51) the values 
of 6, given in Table V. The values of T in the lowest line are those obtained 
from Eq. (51) by putting 6, = 1; these are the temperatures at which liquid 
caesium (polyatomic layers) would condense on the filament. 

Examination of these data shows that 640,, the number of caesium atoms 
per unit area in the second layer needed to give an evaporation rate equal to 
# is extremely small until 6, reaches values of about 0.96. For still higher values 
of 6,, 6, increases rapidly. When 0, becomes comparable with unity, we must 
take into account the adsorption in the third and higher layers. 


Polyatomic Layers with Nearly Saturated Vapor 


A mathematical theory of the building up of polyatomic adsorbed layers 
as the vapor approaches saturation has already been given.** This theory should 
now be modified by assuming that adsorption of an atom in the ath layer can 
occur only on an underlying group of at least 4 atoms in the (n—1)st layer. 
A rough estimate of the number of atoms in each layer may be made by assum- 


* I. Langmuir, ¥. Am. Chem. Soc. 60, 1374 (1918). 
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ing that the number of atoms in the successive layers decreases in the ratio 
1:6. Thus o, the total number of atoms adsorbed (in all layers) per unit area 
of the filament surface, is 
= oo = [6°+040,(1-+04-+08+...)] 
or (53) 
6 = [6,+6{6,/(1—64)]. 

The rapidly rising portions of the curves in Fig. 10 near 6 = 0.95 have 
been calculated by this equation with values of 6; and 6, obtained from Eqs- 
(6) to (10) and (51). 


550 





Fic. 27. Formation of a second layer of Cs atoms (calculated by Eqs. (6) and 
(53) for different values of 4g. Arrows give temperature corresponding to satur- 
ated Cs vapor. Circles give experimental data obtained at 4, = 10%. 


With the bulb containing saturated caesium vapor at a temperature T,, 
@ does not exceed unity until the filament temperature T is lowered to within 
25° of T, for 4 = 10" (or 80° for u = 10%). When T—T, is 8° (or 24°), 6, is 
0.3 so that 30 per cent of the surface is covered by a second layer of atoms al- 
though 2 per cent (or 5 per cent) of the tungsten surface is still bare (due to repul- 
sive forces in this layer). There are then only enough atoms in the 3rd layer 
to cover 0.007 of the surface. When T—T, is 0.6° for «1 = 10" (or 1.9° for 
ps = 10"*) 6, is 0.9 so that the covering fractions for the successive layers are 
roughly 0.98, 0.77, 0.33, 0.14, 0.06, 0.026, etc., the total value of o/c, being 
about 2.3. 
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Experimental Test of the Formation of Polyatomic Layers 


Fig. 27 shows the building up of a second layer of caesium atoms according 
to Eq. (53), for various values of 4. The vertical arrows represent the tempera- 
tures corresponding to saturated caesium vapor. 

It was thought desirable to test for this formation of a second layer. At yu, 
= 10" filament A was maintained, either by passage of small currents or by 
radiation from filament B, at various temperatures slightly above T,,, (270°). 
The temperatures were computed from the measured resistance of the filament. 

The adsorbed atom concentration at each temperature was measured by 
the two filament method. The circles in Fig. 27 give the experimental results. 
It was found that as indicated by the theory 0 increased only slowly until a tem- 
perature within 20° of 7,,, was reached. The increase up to this point was 
closely that given by Eq. (6) for atom evaporation in the first layer.*4 At ~ 293° 
a much more rapid rise set in until at 273° a total 6 of 1.4 was reached. The 
direction of the deviation from the theoretical curve shows that atoms evapo- 
rate more easily from the 2nd layer of Cs on tungsten than from metallic caesium. 
Since 6 depends on the probability of evaporation of the adsorbed atoms in 
the 2nd layer, application of the Boltzmann equation serves to indicate the 
amount by which the heat of evaporation differs from that of liquid Cs. 

nin’ = exp (AVe/kT), 

where n and mn’ are the theoretical and observed concentrations. Since n/n’ is 
approximately 6 between 275° and 295°, AV ~ 0.045 volt. Thus the theory 
is extraordinarily well confirmed. There is no tendency to form a second layer 
until near T,,,.. Atoms adsorbed in the second layer are not held by forces 
at all approaching in magnitude those holding Cs directly to tungsten; since 
AV for metallic caesium and Cs adsorbed on tungsten in the first layer is almost 
1 volt. The heat of evaporation from the second layer is even less than that from 
metallic caesium. All this is striking evidence of the true monatomic nature 
of the first layer of Cs on tungsten. 


Mobility and Surface Diffusion Coefficient of Adatoms 3 

Let us consider o adatoms per unit area distributed at random among ele- 
mentary spaces which are arranged in a square surface lattice, each elemen- 
tary space being a square of side a so that a* = 1/0,. Let t be the average life 
of an adatom in a particular space when the 4 adjacent spaces are vacant. The 
probability per second that an atom in a given space will hop into a given adja- 
cent vacant space is 1/4t. We may take the probability of hopping into an occu- 
pied space to be zero. If we may assume that the atoms exert no appreciable 
forces on one another (except that needed to keep 2 out of a single space), t may 
be taken to be independent of g. 

™ This behavior of @ near 1.0 makes it likely that 04; is more closely 4.9x 10" than 4.8x 10" 


as given by the previous less detailed experiments of Section V, introducing a possible error 
of about 2 per cent in the calculations of 0. 
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The flux g of atoms per cm of length across a line midway between two 
adjacent rows (A and B) of elementary spaces (perpendicular to X axis) is 


Pap = (a0,/4t)(1—o,/0,) from A to B 
and (54) 
Pp, = (ao,/4t) (1—o,/0,) from B to A. 


The net flux or drift flux gy, is thus 
Pp = (4/47) (0,—9y) = (a*/42) do/dz. (55) 


The surface diffusion coefficient D may be defined by equating g, to 

D do/dx and thus we find for all values of 6 from 0 to 1 
D = a/4t = 1/40,7. (56) 

In case we have to deal with a hexagonal surface lattice in which atoms may 
hop to any one of six adjacent spaces, this equation needs to be modified merely 
by replacing the 4 in the denominator by 3. For tungsten surfaces which 
have been highly heated, the atoms are arranged in a surface lattice in which 
the elementary rectangle of dimensions 3.15 x4.46A has one atom at each 
corner and one atom in the center. Each surface atom has thus 4 near neighbors 
and therefore Eq. (56) should be applicable. 

This equation has been derived on the assumption that the time t during 
which an atom remains in an elementary space is large compared to a/v, the 
time required for the passage of an atom from one space to the next. 

When the time of transit a/v is not negligible, Eq. (56) needs to be modified 
merely by adding a/v to t so that 


D = a®/4(t-+a/2,), (57) 
where v, the average velocity parallel to the plane of the surface (2-dimensional 
velocity) is given in cm sec“! by 

| Ug = (akRT/2m)'? = 11,428 (T/M)*?, (58) 
M being the molecular or atomic weight. 
If t is negligible compared to a/v,, this reduces to 


D = (1/4) avy. (59) 

In the elementary kinetic theory of gases it is shown® that the coefficient 

of self-diffusion of a gas is D = (1/3)A,v, where v, is the average (3-dimen- 

sional) molecular velocity and A, is the 3-dimensional free path. A similar cal- 
culation for the 2-dimensional case of surface diffusion leads to 


D = (1/2)Ae, (60) 
where A, is now the length of the projection of the free path on the plane of 


the surface. If we identify 4, with a, this equation is the same as Eq. (59) except 
for the numerical factor. This difference is due to the fact that in deriving Eq. 


% See for example Dynamical Theory of Gases, J. H. Jeans, p. 326, Cambridge, 2nd Edition. 
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(60) it was assumed that all directions of motion in the plane are equally pro- 
bable, while for Eq. (59) the motions were taken to be parallel to the two axes 


of the square lattice. 
Measurements of the surface diffusion coefficient D, for Cs adatoms on 


tungsten for an average value of 6 of about 0.03 have given, for the tempera- 
ture range from 650 to 812°K, 


Since the number of tungsten atoms per cm* on a tungsten surface is 1.425 

x 10% we must take this to be the number of elementary spaces and thus get 
a, = 2.64 10-* cm. (62) 

Using this value of a, and the value of v, from Eq. (58) we calculate t, at various 
temperatures in the range from 650 to 812° and find that they are represented by 
logit, = —15.09+-3082/T. (63) 


Values of t, and D, (for Cs atoms in the Ist layer) are given for several tem- 
peratures in the 3rd and 2nd columns of Table VI. 


TaBLe VI 
Surface Diffusion Coefficients for Cs Adatoms in 1st and 2nd Layers 


T, and T, are the “‘lives’”’ in elementary spaces in 1st and 2nd layers as given by Eqs. (63) and 
(64); t is the “evaporation life” in 2nd layer given by Eq. (49). 


T | D,(cm*sec-) | z,(sec) | 7 | a,/0, Ds t 

x 107-4 x 10-4 
300 1.2x 107 1.5x 10-5 175. 31. 0.00034 | 0.95 
400 | 4.3x10-* 4.1x 10-8 26. 27. 0.00134 | 5.9 x 10-¢ 
500 1.5x 10-7 1.2x 10-* 8.1 24. 0.0022 7.2 x 10-* 
600 1.6x10-* | | 1.1x 107° 3.8 22. 0.0027 3.8 x 10-7 
700 | 8. x10-* 2.1% 10-2 2.2 20. 0.0032 4.6 x 10-* 


The mobility of adatoms in the 2nd layer must be much greater than that 
in the 1st layer since the atoms in the 2nd layer are held by much weaker for- 
ces. For low values of 6, at which D, was measured, the heat of evaporation 
of atoms from the Ist layer is 2.83 volts. The potential barrier corresponding 
to the coefficient of 1/T in Eq. (63), 3082, is, as we have seen, 0.61 volt which 
is 21.5 per cent of the heat of evaporation. The potential barrier separating 
the elementary spaces for the 2nd layer must be much less than 0.61 volt which 
is 78 per cent of the heat of evaporation (0.79 volt) from the 2nd layer. It seems 
reasonable to assume that the barrier in this case also is approximately 21.5 
per cent of the heat of evaporation. This would give 0.17 volt. The Cs atoms 
in the Ist layer, however, because of their larger size compared to W atoms, 
constitute a rougher support for the atoms in the 2nd layer than is provided 
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for the 1st layer of atoms by the underlying tungsten surface. Thus we may 
adopt the rough value 0.2 volt as most probable value for the barrier in the 
2nd layer. This corresponds to a coefficient 1000 for 1/7. This gives for the 
life t, of an adatom in an elementary space of the 2nd layer 


logy, T = —15.09-+1000/T. (64) 


We have taken the term —15.09 to be the same as in Eq. (63), since for eva- 
poration®* and for diffusion?’ this term remains nearly constant even for dif- 
ferent substances. 
Thus a general equation for the evaporation life t was found** to be 
t = 4.7x 10-*7Mo,T-12"!7, (65) 


Because of the similarity of the processes of evaporation and of mobility, by 
which atoms hop from one position to another, we may expect this equation 
to be at least roughly applicable to surface diffusion. Putting M = 133, o, 
= 3.5610" and T = 500 (the mean temperature) we find from Eq. (65) 


logo t = —13.4+0.43b/T. (66) 


The values of t, calculated from this equation by putting 0.435 = 1000 
are of roughly the same magnitude as those by Eq. (64). A change of about 
10 percent in the assumed value of the coefficient of 1/T would bring the two 
equations into agreement at a given temperature. 

The values of t, calculated from Eq. (64) are given in the 4th column of 
Table VI, and D, calculated from these by Eq. (57) taking 


a, = 5.3x 10-8 (67) 


is given in the 6th column while the time of transit a,/v, is given in the 5th 
column. 

The last column of Table VI gives the evaporation life of adatoms in the 
2nd layer as calculated from Eq. (49). Comparing t with t, and a,/v, we see 
that at T = 300 each adatom in the 2nd layer moves through about 10 elemen- 
tary spaces before evaporating and even at 700° it moves through 10° spaces 
during its life. This fact affords a simple explanation of the high values of a. 


Surface Random Flux 


A very useful concept*® in the study of electric discharges in gases is that of 
random current density J,. If m is the number of electrons per unit volume 
in a uniform plasma and v is their average velocity, then across any imaginary 
plane there is a current density I, = (1/4)nve of electrons which pass across 
the plane from one side to the other and an equal current of electrons passing 
back in the opposite direction. 


** Reference 2. See particularly Eq. (37) on page 2806. 

87 S. Dushman and I. Langmuir, Phys. Rev. 20, 113 (1922). 

#¢ I. Langmuir and H. Mott-Smith, Gen. Elect. Rev. 27, 449 (1924); I. Langmuir and 
K. T. Compton, Rev. Mod. Phys. 3, 221 (1931). 
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Similarly for the motions of adatoms on any surface in a steady state 
we may define the random flux density p as the number of atoms per unit length 
which cross any imaginary line in the surface from one side to the other (while 
an equal flux passes in the opposite direction). 

If the adatoms move in random directions parallel to the plane of the surface 
with the average velocity v, then one-half the atoms on one side of the line are 
approaching the line with an average velocity (2/z)v. Thus we find 


p = (1/x)ov = (9,/7) 60. (68) 
If the adatoms, instead of moving with uniform velocity, hop from space 
to space as postulated in the derivation of Eqs. (54), (55) and (57), we obtain 
gy = ao,0(1—6)/4(t+a/0,) = (0,D/a)6(1—6). (69) 
Rate of Interchange of Atoms between the First and Second Adsorbed Layers 


Consider that the first layer in a square surface lattice is nearly completely 
filled by adatoms as indicated in Fig. 28, so that the o,(1—6,) vacant spaces 
per unit area are separated from one another. The available elementary spaces 





Fic. 28. First layer in a square surface lattice nearly completely 
filled by adatoms, denoted by circles. Available spaces in the second 
layer are indicated by crosses. 


in the second layer are indicated in the figure by crosses. Each vacant space 
in the first layer causes a decrease of four in the number of available spaces 
in the second layer; this number per unit of filament surface is therefore 
o,[1—4(1—6,)], which for values of 6, close to unity agrees with o,64 as 
deduced previously. 

Any adatom in the second layer which migrates across the dotted line in 
Fig. 28, which has a perimeter 8a,, evidently falls into the vacant space in the 
first layer. Thus the rate 9 at which atoms pass from the second to the first 
layer, expressed in atoms cm~ sec~, is 

o = 84,90, (1—6,). (70) 

Under equilibrium conditions this must be balanced by the passage of an 


equal number of atoms from the Ist to the 2nd layers. Thus @ may be termed 
the rate of interchange between the 2 layers. If this rate is very high compared 
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to the rates of evaporation » or condensation yu from or to the surface, the rela- 
tive numbers of adatoms in the two layers o,6, and o,6,64 will be the same 
whether or not the adsorbed films are in equilibrium with the vapor phase. 
Therefore the conditions for which the surface phase postulate will be fulfilled 
are p/y > 1, and oju >1. 

In deriving Eq. (70) we considered the rate at which atoms in the 2nd layer 
move to and drop into holes in the 1st layer. It is, however, possible, because 
of the mobility in the 1st layer, for holes in the 1st layer to move to atoms in 
the 2nd layer. Considerations like those used in deriving Eq. (69) lead to the 
conclusion that the diffusion coefficient for holes is the same as for atoms and 
that the surface flux of holes as well as that of atoms is given by the last member 
of Eq. (69). Taking Eq. (70), after eliminating y, by Eq. (69), 


@ = 807(D, +8, D,) (1—6,) 6, (1—4,). (71) 


The values of @ given in Table V were obtained by this equation, with the 
data for D, given by Table VI. They are large compared with y or » and there- 
fore the surface phase postulate applies. 
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Journal of the Franklin Institute 
Vol. CCX VII, No. 5, May (1934). 


SUMMARY 


The rate of evaporation of electrons, »,, from a thoriated tungsten filament depends on the 
temperature T and on 8, the fraction of the surface covered by thorium atoms. The relation of 
vy. to @ and T has been given by Brattain and Becker. From », the change in contact poten- 
tial V of the filament surface produced by the adsorbed thorium can be calculated by the Boltz- 
mann equation. Knowing o the number of thorium atoms per cm’, the dipole moment M of 
each is given by V = 2x0M. By an equation already used for Cs films on tungsten, the 2-di- 
mensional equation of state of the adsorbed film can be calculated from M. Then by Gibbs’ 
adsorption equation the relation of the atom evaporation rate yg to 6 and T can be determined. 
It is thus calculated that in the range from @ = 0.2 to 6 = 0.6, », varies in proportion to «#0 
where H = 8.1 in good agreement with the value H = 7.8 given by Brattain and Becker's 
measurements. A recalculation of the data of numerous experiments in 1921-1923, using the 
new relations of ¥, to 6, gives data on ¥, as a function of JT and 6 in good agreement with 
the values of », calculated from »,. 

The diffusion coefficients of Th through tungsten crystals, along grain boundaries and over the 
free filament surface, are calculated. A theory is given for the cause of the variation in the surface 
diffusion coefficient with o. The probable mechanism of the production of the metallic thorium 
within the filament is discussed. At 2400° the thorium which arrives at the surface along grain 
boundaries, for some unknown reason, does not spread out over the surface as it does at lower 
temperatures (1900-2100°). 


A stupy of the electron emission of tungsten filaments containing approximately 
one per cent of ThO,! showed that after proper heat treatment of the filament 
the electron emission at 1500°K was about 100,000 times greater than that 
from pure tungsten. To bring the filament into this condition it is first heated 
for a few minutes to a temperature above 2800°K. This generates in the fila- 
ment a low concentration of metallic thorium in solid solution. The filament 
is then heated for a considerable time to an activating temperature between 
1800° and 2200° which allows some of the metallic thorium to diffuse to the 
surface of the filament where it forms a monatomic adsorbed film. Even prolong- 
ed activation does not cause the film to become more than 1 atom in thickness. 
To determine the extent to which thorium has accumulated on the surface 
of the filament, the ‘‘activity” is found by measuring the saturation electron 


{EpiTor’s Note: Also published in Acta Physiochimica 1, 371 (1934).] 
1 |. Langmuir, Phys. Rev. 22, 357 (1923). 
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emission at a ‘‘testing’’ temperature chosen so low that diffusion of the thorium 
from the interior does not take place and that the thorium content of the sur- 
face film does not change by evaporation. Temperatures from 1250° to 1600° 
are most convenient testing temperatures. 

If the filament is heated to temperatures above about 2200°, thorium atoms 
evaporate from the surface.sufficiently rapidly to ‘‘deactivate” the filament. 
The progress of this deactivation can be followed by interrupting the deactiv- 
ation from time to time to test the activity by measuring the emission at the 
standard testing temperature. 

Study of activation curves furnishes knowledge of the rate of diffusion to 
the surface, whereas deactivation curves give data for determining the rate 
of evaporation of thorium as dependent on the temperature and on the amount 
of thorium on the surface. 

To make these studies quantitative it is necessary to have a measure of the 
number of atoms in thorium present at any time in the adsorbed film. In 1923 
this was done by assuming that each adsorbed thorium atom on the surface 
constitutes a dipole of moment M which results from the positive charge of 
the adsorbed thorium atom; the evidence for such a charge consists in the fact 
that the presence of a complete adsorbed film of thorium raises the contact 
potential by about 1.4 volts. If it be assumed that the dipole moment of each 
thorium atom is independent of the presence of its neighbors, the contact po- 
tential must vary linearly with o, the number of adsorbed thorium atoms per 
unit area. From the Boltzmann equation it then follows that the logarithm of 
the electron emission at a given temperature should vary linearly with o. 

From the nature of the forces holding adsorbed atoms in.the surface film 
it was concluded that the maximum number a, of adatoms? which can be packed 
into a monatomic film is definitely related to the number of atoms in the surface 
lattice of the underlying metal. The number of tungsten atoms per square cen- 
timeter is 1.425 x 10% atoms per sq. cm. Since the thorium atoms are much 
larger than the tungsten atoms, they could not be as tightly packed as the tung- 
sten atoms. It is therefore assumed that the complete thoriated film contains 
one thorium atom for every two tungsten atoms, giving 


0, = 7.12 x 10"* atoms cm“. (1) 


The condition of the adsorbed film can thus be conveniently described 
in terms of the covering fraction 9 which may be defined by 


0 = of. (2) 


From these considerations it follows that thel ogarithm of the electron emis- 
sion at a given temperature varies linearly with 0; and therefore if we repre- 


* J. A. Becker, Trans. Amer. Electrochem. Soc. 55, 153 (1929), has suggested this term for 
adsorbed atoms. 
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sent by 6’ the value of @ calculated in this way by assuming M to be constant, 
we have 


6° = [log (¢/0)]/[log (41/t0)], (3) 


where 1, is the maximum electron emission corresponding to complete activa- 
tion and 1, is the electron emission from pure tungsten at the same tempera- 
ture. 

Experimentally it was found in activation curves that log ¢ increased approxi- 
mately linearly with time, whereas the curve giving ¢ as a function of time 
had a high upward curvature. This was interpreted as indicating that the rate 
of arrival ~ in atoms cm-* sec-! of the thorium at the surface was approxi- 
mately constant during the activation curve, and seemed to lend support to 
the linearity of the relation between 6 and the logarithm of i. However, when 
6’ was plotted against the time, ¢, it was found that 6’ increased at first approxi- 
mately linearly but the rate of increase then gradually decreased until it 
approached zero as 6 approached unity. Activation curves at temperatures 
from 1950° to 2050° which gave maximum activities corresponding to 6’ = 1, 
showed that with a relatively high degree of accuracy, 


d6'/dt = k(1—6’). (4) 


To account for the presence of the factor (1—6’) the hypothesis was made 
that the thorium atoms which arrived from the interior pushed the adatoms 
off the surface if they arrived at a place already occupied. This forced evapor- 
ation was referred to as ‘‘induced evaporation” to distinguish it from that 
which occurs spontaneously at a given temperature from the film, even when 
thorium does not arrive from the interior. 

From a study of activation and deactivation curves, and by means of the 
foregoing theory, the diffusion coefficient of thorium in tungsten and the rate 
of evaporation of thorium were calculated as functions of T and 6’. It was con- 
cluded that for values of 6’ between 0.2 and 0.8 the rate of evaporation », was 
approximately independent of 6’. 

Subsequent investigations in this laboratory by Dushman and Koller, who 
worked with hundreds of thoriated filaments from different sources, showed 
that the apparent diffusion coefficients obtained by the methods already de- 
scribed, instead of being the same for all filaments, depended very greatly on 
the diameter of the filament and on the size of the crystal grains, being much 
greater for filaments of a large diameter, and especially for those of very fine 
grain. Somewhat later Clausing,? from experiments with single-crystal thoria- 
ted filaments and with thoriated filaments on which crystalline tungsten was 
deposited, proved that the thorium arrives at the surface mainly along the 
boundaries of the crystal grains. 


* P, Clausing, Physica 7, 193 (1927). 
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In a series of papers J. A. Becker and his co-workers‘? have shown that 
with monatomic films of barium and caesium, the logarithm of the electron 
emission is not strictly a linear function of 6, as is implied by Eq. (3), but 
that the curve giving log 7 as a function of o at a given temperature is con- 
cave downwards and shows a maximum at a definite value o,. This maxi- 
mum in the emission at a definite value of o has also been found by Lukirsky 
and his co-workers® for films of thorium deposited on tungsten. For values 
of o greater than a,, log i decreases, approaching a constant value before 
a/c,, becomes 2. 

Becker and Lukirsky have suggested‘ * that the value o,, corresponds to 
a complete monatomic film and that the properties of the film undergo no 
sudden change as the second layer of atoms is being formed. Both for caesium 
and for thorium Becker measured the rate of evaporation from the film and 
found no marked increase in the rate of evaporation as o increases through the 
value g,,. 

Within the last few years Dr. J. B. Taylor and I have made accurate de- 
terminations® of o for caesium films adsorbed on tungsten, and we have meas- 
ured »,, », and », (the rates of evaporation of atoms, positive ions and electrons) 
as functions of T and o. The existence of a maximum value of », at a de- 
finite value o,, has been confirmed but it was found that g,, is only 0.67 o,. 
In other words, the maximum electron emission occurs at 6,, = 0.67. Al- 
though there is no unusually rapid increase in », as @ increases through 6,,, % 
tends to increase almost discontinuously as @ approaches unity corresponding 
to a value of o, = 3.56 104 atoms cm (1 Cs atom for every 4 W atoms). 

The frequent occurrence of monomolecular adsorbed films and their stabi- 
lity is primarily due!® to the fact that the crowding of the atoms in a monatomic 
film when the surface concentration reaches a limiting value must result in 
a marked increase in the rate of evaporation of atoms. There is, however, 
no theoretical reason why the number of electrons emitted should vary discon- 
tinuously as o passes through the value of ,. 

Becker®:? has found that barium, caesium and thorium can diffuse over 
the surface of a tungsten filament at high temperatures. The diffusion of thorium 
on tungsten was also observed by Lukirsky et al.5 Thus, if a film of these sub- 
stances is formed on one side of the filament, it distributes itself uniformly 
over the filament, if the filament temperature is raised to a value 200° or 300° 
lower than that at which the adsorbed film shows approximately similarly 
rapid loss by evaporation. Two methods have been developed® for measuring 


‘ J. A. Becker, Phys. Rev. 28, 341 (1926). 

5 P. Lukirsky, A. Sosina, S. Wekschinsky and T. Zarewa, Zeit. f. Physik 71, 306 (1931). 
* J.B. Taylor and I. Langmuir, Phys. Rev. 44, 423 (1933). 

7 W.H. Brattain and J. A. Becker, Phys. Rev. 43, 428 (1933). 

® I. Langmuir, Phys. Rev. 40, 463 (1932). 
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quantitatively the diffusion coefficient of caesium atoms on a tungsten surface. 
The diffusion coefficient in cm* sec~ for low values of 6 was found to be 


log,, D = —0.70—3060/T. (5) 


The temperature coefficient corresponds to an activation energy for diffusion 
of 14 kg cal. per g atom or 0.6 electron-volt. Brattain and Becker? have made a 
rough measurement of the diffusion of thorium atoms over tungsten at 1655°K 
obtaining the value D = 2.44x 108 cm® sec-. 

Brattain and Becker’ have recently measured the relationship between log 
i and o for thorium films on tungsten. They maintained a filament of pure 
thorium at a constant temperature and thus vaporized thorium at a constant 
rate onto a tungsten ribbon which was mounted parallel to the thorium filament. 
In this way o was made to increase at a uniform rate and therefore a curve 
giving log 7 as a function of time made it possible to determine any departures 
from linearity in the relation between log ¢ and o. Unfortunately, however, 
these experiments provided no absolute measure of the value of co. Brattain 
and Becker adopt as a unit in measuring o the amount of thorium which gives 
the maximum electron emission at a given temperature. They thus measure 
o in terms of the quantity f which is defined by 


f = a/o,, = 6/6, (6) 


In my early work! I found that the value of 6’ is independent of the testing 
temperature used in its measurement, provided that this temperature is so 
low that diffusion and evaporation do not alter @ during the measurement. 
Since i, and 4 are easily determined experimentally, it is convenient to express 
the activity of the filament in terms of 6’, even though 6’ is no longer to be 
identified with the covering fraction 0. 

It was found that for a filament having any given activity, as measured 
by 6’, the emission varies with temperature in accord with the equation, 


i= AT%->I7, (7) 


where b and log A are independent of temperature, but are both linear functions 
of 6’. Becker and Brattain have confirmed these conclusions and it is possible 
from their data to derive the following equations to express these linear rela- 
tionships: 

b = 52,000— 18,800 6’ degrees (8) 


and 
logig A = 1.84—0.65 6’. (9) 


The relationship between 6’ and f, as found by Brattain and Becker, is 
given by the first and fourth columns of Table I. For values of 6’ < 0.96, 
the relationship is well expressed by the empirical equation, 


6’ = 1.135(1—e-#38/), (10) 


Google 


Thoriated Tungsten Filaments 437 


This non-linear relationship between 6’ and f is interpreted as being due 
to a variation of the dipole moment M of the adsorbed thorium atoms. Taylor 
and Langmuir®**® have found in their studies of caesium films on tungsten 
that this decrease in the value of M as @ increases is due to the mutual de- 
polarizing effect of neighboring dipoles. 

The new relationship between 6’ and f given by Eq. (10) requires that 
the earlier calculations of diffusion coefficients and of evaporation rates for 
thorium on tungsten should be revised. Comparing Eqs. (4) and (10) we find 


df|dt = 0.420 k(1—6’)/(1.135—6'). (11) 


Thus the factor (1.135—6’) in the denominator nearly balances the factor 
(1—6’) in the numerator so that df/dt remains practically constant for a wide 
range of values of 6’. A large number of activation curves obtained in this 
laboratory prior to 1923 as well as in recent work, have shown, in accordance 
with the views of Brattain and Becker that df/dt obtained from activation 
curves remains substantially constant, the observed gradual decrease at high 
values of f being adequately explainable either by an actual decrease in yp, 
the rate of arrival of the thorium as the interior supply becomes exhausted, 
or by evaporation of the thorium which increases rapidly as f increases. , 

These results indicate that there is at present no physical reason for believ- 
ing in the reality of induced evaporation. The writer has long felt and Brat- 
tain and Becker haye clearly pointed out that the original theory of induced 
evaporation is incompatible with the known mobility of the thorium atoms 
on the filament at activation temperatures. This mobility also explains how 
the surface concentration o can be uniform over the surface even though most 
of the thorium arrives at the surface along the grain boundaries. 

The acceptance of the true non-linear relation between 6’ and f has a pro- 
found effect on the interpretation of the experimental results on the rates 
of evaporation of thorium atoms: — whereas the earlier calculations gave values 
of y, that were approximately independent of 6’, it is now found from the 
same experiments that », increases rapidly with f. Between f = 0.3 anf f = 0.9, 
y, is given by the empirical relation, 


75 = rye, (12) 
where H is a constant having the value 5.6. 


Experiments at different temperatures, which measure the temperature 
coefficient of y,, give for the heat of evaporation, Q, the value. 


QO, = 174kg cal. per gram atom. (13) 


This variation of », with f is in excellent agreement with the data obtained 
by Brattain and Becker on the evaporation of thorium films from a filament 


at 2200°; their experiments lead to the value H = 5.5 in this same range 
of values of f. 


* I, Langmuir, ¥. Am. Chem. Soc. 54, 2798 (1932). See especially pp. 2816-1829. 
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Theoretical Relationship Between », and », 


It has been shown by Langmuir and Taylor®* that », and », can be cal- 
culated from », for the case of caesium films on tungsten. I now wish to 
show that similar calculations enable us to determine the variation of », 
with f for thorium atoms from our knowledge of the relation between », and f.!° 


The basis of such calculations is as follows: The Boltzmann equation, 


%-[%» = exp(Ve/kT), (14) 


enables us to calculate the contact potential V from the ratio of the electron 
emission », of the thoriated filament to »,, that of a pure tungsten filament at 
the same temperature. Combining Eqs. (3), (7), (8), (9) and (14), the contact 
potential is found to be 


V = (1.62—1.29 x 10-4 T)6’ volts. (15) 

The values of V calculated from 6’ in this way for T = 2000° are given 
in column 5 of Table 1. 

The contact potential is related to the dipole moment M of the individual 
adatoms by the relation, 

V = 2n0M. (16) 


In order to calculate M from V we must know the absolute value of o. 
For this purpose we shall make the provisional assumption that 


04 = 0.7. (17) 


This is approximately the value that has been indicated by experiments on 
caesium films. From the general similarity of the curves of 6’ as a function 
of f for barium, thorium and caesium, it seems reasonable to assume that 6,, 
is not materially different in these three cases. We shall subsequently discuss 
what effects would be produced by an alteration of the value of 6,,. From 
this value of 6,, and the value of o, we have therefore 


o = 5.0x 10". (18) 


Using these values of o and V in e.s. units, we may now calculate by Eq. 
(16) the values of M (in c.g.s. e.s. units) which are given in Table 1, column 6. 
The dipole adatoms repel one another with a force K given by 


K = (3/2)M?/r4, (19) 


where r is the distance between two dipoles. Taking into account this force 
between adatoms and also the short range forces which prevent any two atoms 


1° A review of the theory of these relationships was given in the Nobel lecture, Les Prix 


Nobel en 1932, reprinted in Chem. Revs. for October 1933, and in Angewandte Chemie 46, 719 
(1933), in German. 
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from occupying the same space at the same time, the following general 2-di- 
mensional equation of state for dipole atoms adsorbed by a metallic surface 
was derived:® 


F = okT|(1—6)-+3.340°*M2+ 1.53 x 10-0 T!8M43], (20) 


where J is an integral whose numerical value, which can never exceed 0.89, 
can be obtained by tables and curves from the values of M, o and o,. This 
equation which was derived for the study of caesium films on tungsten should 
be applicable also to thorium films. The quantity F is the spreading force 
(dynes cm-") which is the analogue in a 2-dimensional system of the pressure 
in a 3-dimensional system. 

Thermodynamically, by Gibbs’ adsorption isotherm, F is related to the 
vapor pressure in equilibrium with a solid. Since this pressure is proportion- 
al to the rate of evaporation »,, we may put 


dF/d(In »,) = okT. (21) 


Column 7 in Table 1 contains the values of F calculated for 2000° by Eq. 
(20) from the values of M already obtained. By differentiating F, substituting 
into Eq. (21) and integrating, the values of log,,(c»,/f) may be obtained as 
a function of o and 7. These are given in column 8 of Table 1. Here ¢ re- 
presents the arbitrary integration constant. The following column contains 
the value of cy,. The integration constant used in calculating the values of 
cy, given in Table 1 was chosen so that cy,/f approaches the limiting value 
unity as f becomes small. In Fig. I the values of log,,(»,/f), with an arbitrary 
constant added, have been plotted against f. The small circles give Brattain 
and Becker’s experimental data’ of the evaporation rates at 2200°, as shown 
in Fig. 16 of their paper. The dotted curve in Fig. 1 has been calculated 
in the same manner as the data in Table 1, but using 6, = 0.6. The data 
agree much better with the value 0.7. Brattain and Becker, in their Fig. 16, 
have ignored the lowest experimental point and have drawn through their 
points a parabola having a horizontal tangent at f= 0. This parabolic form 
of curve would require that M should increase with f, whereas the electron 
emission proves that it decreases as f increases. If more weight is attached 
to the lowest point, this difficulty disappears but the accuracy of their data 
below f = 0.2 becomes doubtful. These theoretical values of »,/f with 6, = 0.7 
are in practically complete agreement with our own experimental determi- 
nations of the rates of evaporation of thorium from thoriated filaments with 
temperatures ranging from 2200° to 2400°K. The experimental evidence will 
be published separately. 

Similar calculations to those involved in Table 1 but for 2400°, show only 
very slight changes in the shape of the curve giving (log »,/f) so that the agree- 
ment between Becker’s determinations at 2200° would remain unchanged if 
the calculations had been made at 2200° instead of at 2000°. 


Google 


Thoriated Tungsten Filaments 441 


Column 10 of Table 1 gives the depolarizing field, Z, acting on any adatom 
as the result of the presence of its neighbors. This field has been calculated 
by the equation:® . 

= (8/30,)[F—okT/(1—6)]/0M. (22) 


It is seen that these forces are of enormous magnitude: about 10’ volts per 
cm at f= 0.1. It is not surprising that field strengths as great as these 
would tend to push the charged adatoms down close to the tungsten surface 
and thus decrease the dipole moment. It is probable that the distance from 
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_ a tungsten surface at which a caesium atom or thorium atom is in equilibrium 
is determined by the pressure gradient in an electron atmosphere which extends 
an appreciable distance beyond the atoms of the metal. Since the electron 
shells of the adatoms may be considered to be impervious to the Fermi elec- 
trons," there must be a much greater pressure exerted by the electrons on the 
portion of the shell which lies closest to the underlying metal. It is hoped 
in future work to develop this theory quantitatively. 


Dependence of Surface Diffusion Coefficient on 6 


If there are no forces acting between adatoms, the diffusion coefficient® 
for surface migration is given by d= a*/4t where a is the lattice constant 
of the elementary spaces in which the adsorbed atoms can arrange them- 


4 O.K. Rice, ¥. Chem. Phys. 1, 649 (1933). 
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selves, and t is the average life of an adatom in any one elementary space when 
the neighboring spaces are vacant. The life + depends upon the energy barrier 
between adjacent elementary spaces. For caesium on tungsten it is about 
0.6 volt which is about 21 per cent of the heat of evaporation of adatoms. 

If there are repulsive forces acting between the adatoms then, when there 
is a concentration gradient, there is a net force acting on every adatom tending 
to make it move towards a region of lower concentration. This force can be 
calculated by a process analogous to that which we used in calculating F from 
K by Eggs. (19) and (20). It is thus found that the force K acting on a given 
adatom is 

K = 2(do/dx) (F—ckT)/o*. (23) 
By taking this force into account it is seen that the heights of the barriers on 
the opposite sides of a given elementary space are different. The probability 
of the passage over the two barriers can be estimated by the Boltzmann equa- 
tion. In this way it is found that the diffusion coefficient is given by 


D = D,[(2F/okT)—1}. (24) 


For very low values of 6, D thus becomes equal to Dy. The values of D/D, 
are given in column 11 of Table 1. It is seen that the surface diffusion coeffi- 
cient is over six times as great for F = 1 as it is for very low values of F. Theor- 
etically F must increase extremely rapidly as 6 approaches unity. A variation 
of this kind was observed in the migration of caesium on a tungsten surface. 
Brattain and Becker found a similar increase in thorium on tungsten. They 
suggested that the increase was due to partial evaporation of the thorium 
from the tungsten surface, the atoms, however, not being able to escape 
from the surface. 

Although from the foregoing equations both », and D depend upon F, it 
does not appear to be a useful concept to regard the effect of concentration 
on D as being due to partial evaporation. If the migration over the surface 
were due mainly to the hopping of atoms between adjacent spaces in such 
a way that the atoms resembled gas atoms, then it would seem that the migra- 
tion. of caesium from the surface would be markedly increased by surrounding 
the filament with a strongly negatively charged cylinder which would allow 
the adsorbed positive ions to rise to greater heights above the surface. The 
effect of such external fields on the diffusion coefficient was found to be negli- 
gible. 


Analysis of Experimental Activation and Deactivation Curves 
In transient states of the adsorbed films corresponding to activation and 
deactivation curves, the rate of change of the surface concentration o depends 
upon the balance between yu, the rate of arrival from the interior, and », 
the rate of evaporation from the surface. Thus we have 
o,,4f/dt = u—v. (25) 
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Since o,, has not yet been directly determined experimentally for thoria- 
ted filaments, it is useful and convenient to use as a unit in measuring the 
amounts of thorium that diffuse or evaporate, the quantity represented by 
q,,- Let us call this an f-unit, for this is the amount of thorium which will 
cover a unit area of tungsten surface to such a degree that the surface has the 
maximum electron emission at a given temperature. Thus if we express and 
y in f-units, Eq. (25) becomes 


df|dt = p—v. (26) 


When a filament is activated at a low temperature such as 1900 or 2000°, 
y is usually negligible compared with yu except possibly at the highest values 
of f. Thus-an experimental determination of df/dt leads directly to the value 
of uw. The experimental studies prior to 1923 showed that the value of u 
at a given activating temperature depended greatly on the temperature and 
duration of the flashing to which the filament had been previously subjected. 
By adopting a standing flashing procedure, such as heating the filament for 
3 minutes at 2800°, the filament can be brought into a condition in which yu 
has a definite value at a given temperature. By measuring p at a series of dif- 
ferent activation temperatures, the temperature coefficient can be determined. 
The logarithm of y plotted against 1/T gave a straight line whose slope cor- 
responds to the heat of diffusion of Q, = 90 kg cal. per gram atom. 

When the filament is heated to 2300° or more, » usually exceeds 4 when 
the filament is in a very active condition that is, for high values of f. From 
the values of u determined by an activation curve at lower temperatures and 
from the known temperature coefficient of ~, we can calculate a value of 
# to use in Eq. (26) when applied to a deactivation curve, and in this way from 
experimental values of df/dt at different values of f we should be able to de- 
termine » as a function of f and t. 

These values of f should presumably be independent of the reserve supply — 
of thorium in the interior of the filament which must determine the absolute 
magnitude of yu. Thus if during flashing we adopt different temperatures such 
as 2700° and 3000°, we obtain, from activation curves at lower temperatures, 
values of «4 which differ greatly, although the temperature coefficients of u 
obtained by using different activation temperatures remain unchanged. 

If we determine values of », as a function of f and T, by a series of 
deactivation curves, for filaments which have previously been flashed at dif- 
ferent temperatures, we find that the values of », differ greatly according as 
different flashing temperatures are used. On the other hand, if we place u = 0 
in Eq. (26), and then calculate » by the relation » = —df/dt, we usually obtain 
values which are strikingly independent of the reserve thorium supply. They 
also prove to be the same for thoriated filaments of different crystalline struc- 
tures, in spite of the fact that the values of u at a given deactivation tempe- 
rature and flashing temperature vary greatly with grain size. 


Google 


444 Thoriated Tungsten Filaments 


The values of » obtained in this way not only from the 1922 experiments 
but also from data of more recent experiments kindly furnished me by Dr. 
G. R. Fonda!* give curves for log », as a function of f at the deactivating 
temperature of 2400° that agree remarkably well with a curve prepared from 
the data of column 13 of Table 1 which were obtained from values of cy, cal- 
culated for 2400° (by the method used to get the data of column 9) by taking 
c = 296. When these experimental data for », are plotted as in Fig. 1, they 
show even better agreement with the theoretical curve than do Brattain and 
Becker’s data, and they show no tendency to flatten out at low values of f as 
the latter do. 

From deactivation curves at various temperatures the temperature coef- 
ficient of », was found. For each temperature a value of the integration con- 
stant c was chosen to give best agreement with the experiments. The values 
of log c when plotted against 1/7 gave a straight line corresponding to 


logyg ¢ = —13.78+-39,000/T. (27) 


Thus at 2 000°, c = 5,25-105. With this value and the data for cy, in column 9 
of Table 1, the values of y, in column 12 were calculated. These are in f-units; 
they may be converted to atom evaporation rates by multiplying by o,, = 5.0 
x10. From the temperature coefficient of », the heat of evaporation Q, 
is found to be 178 kg cal. at f = 0, 174 at f = 0.5 and 172 .at f = 1.0.¥% 

Only when the reserve supply of thorium was made low by long heating 
at such a temperature as 2300° was it possible by the foregoing method to 
determine » down to very low values of f. The experiments show that with 
higher reserves of thorium and especially with coarse grained filaments u 
was not actually zero, although it always had a very low value compared to 
that which would be calculated by the known temperature coefficient from 
values of % obtained during activation curves. 

After obtaining convincing evidence that » is actually an intrinsic property 
of the adsorbed thorium film which depends only on f and T, the following 
procedure was adopted in analyzing deactivation curves: From the experi- 
mental data giving i as a function of t, 6’ was calculated by Eq. (3); then 
from Eq. (10) and columns 1 and 4 of Table I, f was determined as a function 
of ¢. From this curve the values of df/dt were obtained and » was found from 
column 13 of Table 1 from f or 6’. By substituting these into Eq. (26) « was 


18 These data were from the experiments described by G.R. Fonda, A. H. Young and 
A. Walker, Physics 4, 1 (1933). In the published paper the data were analyzed in terms of the 
older theory in which 6’ was identified with 6. The recalculations referred to were made from 
the original experimental measurements of i which were not given in the published paper. 

13 In the 1923 paper (Ref. 1) O, was given as 204 kg cal. which, from various considerations, 
must be regarded as too high for it exceeds even that of tungsten in spite of the fact that 
thorium evaporates from the surface of a filament far more rapidly than tungsten does. The 
new values Q, agree well with that obtained (177 kg cal.) by Mary R. Andrews (Phys. Rev. 
33, 454 (1929)). 
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thus calculated. The data supplied by Dr. Fonda proved to be particularly 
illuminating. 
During each deactivation run y» decreased in accord with an equation of 
the type, 
= bat poe ™. (28) 


The steady value u,, which was the limit approached after a long time (usually 
after several hours at 2400°), was interpreted as being due to the continuous 
generation of thorium within the filament by a reduction of the thorium oxide. 
The value yo, thus represented the reserve supply of thorium which had accu- 
mulated in the filament by the preliminary flashing at high temperature. The 
coefficient a is thus determined by the rate of loss of thorium by diffusion 
from the interior. 


Diffusion along Grain Boundaries and through Crystal Grains 


The earlier unpublished work of Dushman and Koller, and particularly 
the clean-cut experiments of Clausing® have demonstrated the importance 
of grain size on the rate of arrival «4 of thorium at the surface of the filament. 
It seems reasonable to assume, therefore, that a large fraction of the thorium 
which arrives at the surface travels from the interior along grain boundaries, 
and then spreads over the surface. This seems to be the proper interpretation 
of the normal activation curves, and thus the values of « which are obtained 
from these activation curves measure primarily, not the true diffusion through 
solid tungsten, but the rate of arrival along grain boundaries. This conclusion 
is supported by the observation of Fonda, Young and Walker, given in their 
Table 3, that the activation constant and therefore yp, by Eq. (11), decreases 
greatly as the grain radius increases. Thus as the grain radius increased from 
4 to 8.6 microns, the value of 4 decreased 70 per cent. 

The values of » obtained from the deactivation curves at 2400° showed 
entirely different behavior; they increased as the grain size increased, and in 
all cases were very small compared with the values extrapolated from the acti- 
vation curves at lower temperatures. We must therefore conclude that at tem- 
peratures as high as 2400° the thorium which arrives at the surface by migra- 
tion along grain boundaries does not spread over the free surfaces of the grains, 
but instead evaporates without contributing appreciably to the electron emis- 
sion. Since the temperature coefficient (0, = 174) of the evaporation rate is 
large compared of that of the diffusion coefficient of surface migration (pro- 
bably about QO = 66, see below), it would at first sight appear reasonable that 
at high temperatures evaporation should increase so much more rapidly than 
surface migration that the thorium would evaporate before it can migrate very 
far from the grain boundaries. We shall see later, however, that there are theo- 
retical difficulties involved in this interpretation. In any case, whether or not 
we are able to give a theoretical explanation, it seems necessary to recognize 
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definite experimental evidence that at 2400°, and to a lesser degree at 2300°, 
the thorium that migrates along boundaries does not contribute to the activity 6’. 

The values of 4) of Eq. (28), obtained by deactivation curves at 2400°, appear 
to be determined by the diffusion of thorium from the interior through the 
homogeneous crystal grains. The study of data from numerous experiments 
has led to the following theory of the mechanism by which thorium is brought 
to the surface. 

The work of Jeffries! and others has shown that after the thoriated filament 
has been heated to a high temperature, the thoria exists in the form of fine 
spherical particles which are distributed throughout the whole volume of the 
filament. Although the grains are apt to be closer together along the grain boun- 
daries of the crystals, the larger part of the whole thoria content usually lies 
within the crystal grains unless the crystal grains are of unusually small size. 
By heating to very high temperatures Jeffries has found that the large particles 
of ThO, increase in size and the small ones tend to disappear proving that both 
thorium and oxygen can migrate through the crystals. 

It has been shown by Koref and Reiter” that when a thoriated filament is 
heated for 1000 hours at 2400° in high vacuum, the thoria gradually disappears 
from the outer layers and the tungsten grains in these outer layers increase 
in size, although those in the interior of the crystal remain unchanged. A minute 
external pressure of oxygen, such as that produced by the presence of satura- 
ted vapor of phosphorus pentoxide at room temperature entirely prevents this 
loss of thoria from the filament and also prevents the grain growth. 

Recently in some studies of the effects of oxygen on tungsten filaments 
which Dr. J. B. Taylor and I have been carrying out, we have found that when 
a tungsten filament is heated at 1800°K for 30 minutes in a pressure of oxygen 
as low as 4x 10’ baryes the oxygen penetrates deeply into the tungsten fila- 
ment so that after the surface is cleaned by momentarily flashing at 2400° and 
the filament is brought to 1600°, the electron emission progressively decreases 
by the diffusion of oxygen from the interior of the filament. This phenomenon 
is being studied in great detail, but only preliminary data are yet available. 

From these results and those of Koref and Reiter it thus appears that thorium 
oxide dissociates into thorium atoms and oxygen atoms which then exist in 
the filament in solid solution. There is thus presumably an equilibrium given 
by the equation, 

ThO, 2 Th+20. 


The higher the temperature, the greater the partial pressure of the thorium and 
the oxygen. The law of mass action would indicate at any temperature that 


[Th] x [O]* = const. (29) 





14 Zay Jeffries, Paper No. 1614-E, Trans. Amer. Inst. Min. and Met. Engs. (1927). 
8 F, Koref and C. Reiter, Zeit.f. Tech. Phys. 6, 359 (1925) and Tech.-Wiss. Abhandl. aus 
dem Osram-Konzern 2, 99 (1931). 
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The oxygen apparently diffuses through the body of the filament (not prefe- 
rentially along the grain boundaries) at a rate far faster than the thorium. The 
oxygen also evaporates from the surface at a rate much higher than the rate 
of evaporation of thorium. Thus by flashing a filament at high temperature, 
the diffusion of the oxygen leaves a concentration of oxygen which decreases 
from a maximum at the center to a negligibly small value near the surface of 
the filament. If the equilibrium implied by Eq. (29) is attained, the thorium 
concentration must then be a minimum near the axis of the filament and rise 
to relatively very high values at a short distance from the surface. Thus thorium 
diffuses from this region of maximum concentration at a relatively rapid rate 
toward the surface and at a lower rate toward the axis. This must cause just 
such a removal of thoria from the outer layers as is observed from the experi- 
ments of Koref and Reiter. The original thorium production thus takes place 
regardless of grain boundaries. 

The loss of oxygen results in the production of a surplus of thorium, having 
this peculiar distribution, every time the filament is flashed at high tempera- 
ture. 

When the filament is brought to a lower temperature, this reserve supply 
of thorium diffuses from the interior of the crystal grains to the crystal boun- 
daries, and then migrates at a relatively high rate along the crystal boundaries 
to the surface. As a first approximation, at least, we may assume that the resi- 
stance to diffusion, corresponding to grain boundaries, is negligible compared 
to that of diffusion from the interior of the grains. Thus the rate at which each 
grain loses thorium is the same as though that grain were in free space, i.e., 
so situated that all thorium that reaches any of its faces can immediately eva- 
porate. 

In the first paper on thoriated filaments it was shown that the laws of dif- 
fusion from the interior of a cylinder should cause an exponential decrease 
in the value of 4 at the surface corresponding to the last term in Eq. (28). The 
value of a for cylinders was shown to be . 


a = 5.78D/R?, (30) 


where R is the radius of the filament. We now see, however, that the radius 
of the filament is not the determining factor — it is, rather, the average radius 
of the grains. 
For diffusion within spheres in place of Eq. (30) we should have 
a = 7*D/R*. (31) 
The grains that we have to deal with, although fairly regular are by no means 


spheres, so we can merely guess at the radius. A reasonable value would seem 
to be 


R, = 0.75R,, 
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where R, is the apparent average radius of the grains shown by microscopic 
examination. From the experimentally determined values of a we may thus 
calculate the diffusion coefficient, 


D = 0.057R%a, (32) 
where R, is the grain radius. 
An analysis of Fonda’s data has shown, in fact, that the values of D obtained 
in this way by using the grain radius instead of a filament radius are indepen- 
dent of the grain size. The average value at 2400°, 


D = (1.0-0.2)10—" cm? sec. (33) 


The reason that 4. (and also u,) increases as the grain size increases is pre- 
sumably the fact that the surface at which the thorium concentration is a maxi- 
mum lies at a depth below the filament surface which is greater than the grain 
radii used in these experiments (8.6 microns radius). Thus the amount of thorium 
stored within the surface grains increases rapidly as the size of the grains increa- 
ses. On the other hand, this increase does not continue with very large grain, 
as, for example, in Pintsch wire. 

The total amount of stored thorium which reaches the surface of the fila- 
ment through the surface grains can be obtained by integration of Eq. (28). 
If we call S the total amount per unit area of filament surface expressed in 
f-units, we have 

S = pola. (34) 


The experimental data indicate that for fine grain filaments (R, = 4 microns) 
S is only 0.4 f-unit, whereas with the filament having grains of 6.9 microns, 
S has risen to 4.8. With the filament having very coarse crystals (1 mm long) 
S rose to 77. This is in accord with the fact that with large crystals, all thorium 
must diffuse to the surface through the crystals, whereas with fine grain fila- 
ments a large part reaches the surface by migration along grain boundaries 
and is there lost by evaporation. 


A large number of the conclusions drawn in this paper are in accord with 
the researches of Lukirsky, Sosina, Wekschinsky and Zarewa.® These investi- 
gators have found the maximum in the emission corresponding to a definite 
value o followed by a constant emission at a value of approximately f = 2. 
They have also demonstrated the importance of mobility over the surface. 
In some other respects, however, the conclusions they drew are in variance with 
those given here. They concluded that the rate of evaporation from a complete 
monatomic film should be less than that from a partially covered surface. They 
also believe that they observed, for surfaces having a low surface concentration, 
that there is a considerable rate of evaporation at 1570°K, although at a some- 
what higher temperature of 1700°K, there was no measurable evaporation. A care- 
ful study of their paper leads me to suggest that the decrease in emission that 
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was observed at 1570°K was not due to evaporation, but to migration from 
one side of the filament to the other. They had, in another experiment, found 
that migration caused an increase in emission and were therefore not prepared 
to interpret a decrease in a similar manner. An examination of the curves of 
vy, as a function of f (see Table I) shows that only for values of f greater than 
0.73 does an equalization of the surface concentration by migration cause an 
increase in emission. Below this value of f, migration causes marked decreases 
in emission. Not only the shape of the curve but also the magnitude of the tem- 
perature at which this effect was first observed indicates that it was a typical 
effect of migration. 

The conclusion that crasisite from very dilute films takes place more 
rapidly than from concentrated films seems to have been based largely on their 
interpretation of this experiment. It seems to me that the characteristic beha- 
vior of the monatomic film indicates that such a film must have a far higher 
rate of evaporation than the less concentrated films.?° It is shown by Becker’s 
work and by our results in Table I that this increase amounts to a factor of 
about 70-fold as f increases from 0.1 to 1.0. 


Absolute Values of Diffusion Coefficients 


Brattain and Becker, from experiments on the change in electron emission 
as thorium migrates from one side of a filament to another, have calculated 
the following values for the surface diffusion coefficient for thorium atoms 
on tungsten. At: T = 1535°K, D = 1.84x 10-® and at 1655°, D = 2.44x 10-8. 
This calculation, however, is based on the assumption that D is independent 
of f. The range of f used in these experiments was very large. The original depo- 
sition on the front side of the filament corresponded to f = 1.77, whereas f = 0 
on the other side. At the end of the experiment f had reached the value 0.88 on 
both sides. They conclude from an analysis of the curves that the diffusion 
coefficient must vary considerably as f changes by a factor of at least 2 or 3 in 
their experiments. An examination of their curves shows that the initial rate 
of change was at least 10 times the average rate of change. Examining the data 
of column 11 of Table 1 we see that D/D, increases enormously rapidly as 
f approaches 1.4, being about 12 times as great as at f = 1.0. The very high 
initial rate observed in Brattain and Becker’s work thus lends support in our 
theoretical conclusion that D approaches very high values as 6 approaches 
unity. In the future Brattain and Becker’s method should be applicable to 
accurate determinations of D. For this purpose, however, after placing a film 
on one side, it should be allowed to equalize over the surface and then, with 
a second deposition of thorium, a moderate change in f should be made on 
one side and the subsequent changes in electron emission observed. In this 
way only a small range in the values of f will be covered in any one experiment, 
so that the convenient assumption of a constant value of D will be justified. 
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From the two values of D given by Brattain and Becker they calculate the 
heat of diffusion as Q = 110 kg cal. This value is so high as to be entirely out 
of line with other known values for diffusion coefficients. Dushman and Lang- 
muir!* proposed as a universal equation for adsorption in crystalline solids, 


D = (Q|Nh)ate-o™, (35) 


where N and h are respectively the Avogadro and the Planck constant, and. 
a is the spacing between atoms in the crystal. Inserting numerical values this 
becomes 

D = 1.05 x 10° Qa*e-97, (36) 


where Q is expressed in gram calories per gram atom. 
For the migration of caesium on tungsten, as given by Eq. (5), we have 
QO = 14,000 g cal. Inserting this in Eq. (36) we obtain 


log,, D = —0.39—3060/T, (37) 


which agrees excellently with the experimental data represented by Eq. (5). 

In Brattain and Becker’s experiment which gave D = 2.44x 10-8 at 1655°, 
the average value of f was about 1.1. To get D, we should divide by 8.3, the 
value of D/D, from Table I, giving D, = 3.0x 10-*. Examination of Eq. (24) 
shows that the temperature coefficient of D which determines Q is almost 
wholly dependent on D, and not on the factor in brackets. Taking this value 
of D, and choosing a value of QO which satisfies Eq. (36) we obtain 0 = 66.4 kg 
cal. instead of the value 110 given by Brattain and Becker. With the value 
Q = 66.4 we find for the surface diffusion coefficient of thorium on tungsten: 


log, Dp = —0.33—14,500/T. (38) 


If, on the other hand, we had used Q = 111, then in order to obtain D, = 3 
xX 10-® at 1655°, the constant term in Eq. (38) would have had to be 5.8 in- 
stead of —0.33. 

A recent paper by G. E. von Hevesy”’ records tests of Eq. (35) for all known 
cases of diffusion through homogeneous crystalline media and finds that it 
1s in substantial agreement with experimental data. It would seem, therefore, 
that Becker’s high value for Q is incompatible with our present knowledge 
of diffusion phenomena. Since Becker’s available data are very meager, it is 
therefore preferable to use Eq. (38) for calculation of the surface diffusion 
coefficient of thorium on tungsten rather than depend on extrapolations from 
Brattain and Becker’s data by using Q = 110. 

Taking the value of D given by Eq. (33) for the volume diffusion coefficient 
of thorium in tungsten crystals at 2400°K, we calculate from Eq. (36) that O 
= 120 kg cal., giving 

log;)>D = 0.0—26,200/T. (39) 


%© S. Dushman and I. Langmuir, Phys. Rev. 20, 113 (1922). 
 G.E. von Hevesy, Zeit. f. Elektrochem. 39, 490 (1933). 
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Eq. (36) should presumably be applicable also for the diffusion along grain 
boundaries for which we have found QO = 90 kg cal. Eq. (36) then gives 


log,.D = —0.13—19,700/T. (40) 


The grain boundary presumably consists of a region between two crystals 
where the lattice is markedly deformed. Let us assume that the thickness b of 
this boundary is 10-7 cm. Then we find 


v = Db(dn/dr), (41) 


where g is the rate of arrival of thorium in f-units per cm of length of the grain 
boundaries which reach the surface. Experiments on the rate of activation at 
2050° with a filament having grains of radius of 4 microns gave uw = 1.15 x 10-4 
f-units cm-* sec“? from which we estimate 9 = 4.6x 10-® f-units cm~ sec". 
The diffusion coefficient for grain boundaries at 2050°, by Eq. (40), is 1.8 x 10-1. 
Inserting these and the value for b in Eq. (41) shows that dn/dr should be 2.6 
x 10° f-units cm-‘. This concentration gradient along the grain boundary 
would be attained if the concentration along the grain boundary at a depth 
of 4 microns exceeds that at the surface by only 1 thorium atom per hundred 
tungsten atoms. 


Theory of Migration from Crystal Boundaries 


The experiments indicate that at 2300° and 2400° the thorium that reaches 
the surface along grain boundaries evaporates without contributing appre- 
ciably to the measured vajues of 6’ and f. That this thorium actually arrives 
at the surface and leaves it by evaporation is proved by the rapid loss of the 
reserve supply of thorium with fine grain filaments as indicated by the high 
values of a in Eq. (28) observed with such filaments. The following analysis 
allows us to estimate the rapidity with which thorium should spread over the 
surface under the combined influences of surface diffusion and evaporation. 

Within reasonably wide ranges of f from 0.3 to 0.9 the variation of both 
vy and D can be represented by 


y=%ve% and D= D,e*, (42) 
where H = 5.6 and K = 1.4 
Now in a steady state the migration of thorium over a surface from a crystal 
boundary (assumed to be a straight line) is given by 


£(2Z) Ea (43) 


By introducing the values of D and » from Eqs. (42) and assuming that 
e#/ is large compared to unity, it can be shown that the major part of the con- 
centration drop from f, at the crystal boundary to f = 0 at a large distance, 
takes place within a distance x) given by 


Xo = 2[4D,/»,(H—3K)}”. (44) 
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Thus if x9 is small compared to the grain radius R,, the thorium which migra- 
tes from the boundary will not affect the surface concentration except in a nar- 
row region close to the grain boundary. The proper value of », at 2400°K can 
be found by plotting on semi-logarithmic paper the data for vy in column 13 of 
Table I and extrapolating the best straight line back to f = 0. This gives », = 5.8 
x 10-°. 

The value D, = 6.0 10-7 is found from a similar plot using D/D, from 
column II, together with D, = 4.3 x 10-7 at 2400° from Eq. (38). In this way 
Eq. (44) gives x) = 0.17 cm. To get a value of x, of 1 micron would require 
a value D = 2x 10-* which is far less than was observed at 1535°. 

If we know the rate of arrival 9 in f-units per cm we may calculate another 
relation, 
o?}(H—K)* = 2»,D,(H—3K)e#+h, (45) 


where f, is the value of f, at the grain boundary. From the observed value of 
o = 4.6x10-*® at 2050° found for a fine grained filament (R, = 4 microns) 
we estimate @ = 1.1 10-* at 2400° by Eq. (40). This equation shows that D, 
would have to be of the order of 10-™ in order to give large values of f, for which 
the equations are applicable. 

Thus we cannot explain from these theories the failure of the thorium to 
migrate out from the crystal boundaries at high temperatures. It seems as though 
there must be a peculiar structure just at the grain boundary which does not 
conform to our assumptions. This might produce a kind of resistance to dif- 
fusion, or more. probably, the evaporation rate of the thorium atoms from the 
disturbed lattice is enormously higher than from the normal crystal surface. 
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Physical Review 
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The positive ion currents from pure tungsten filaments in saturated caesium vapor at 
bulb temperatures from —35°C to +73°C were measured for filament temperatures from 1000° 
to 1800°K. The results were corrected for the cooling effect of the leads and for photoelectric 
emission from the caesium film on the platinum deposited on the bulb which was used as 
an ion collector. The vapor pressures in mm of Hg are given for solid Cs (JT < 302°K) by 


logioPs = 10.5460—1.00 logy, T—4150/T 
and for liquid Cs (JT > 302°K) by 
logiopy = 11.0531 —1.35 logis T—4041/T. 

The vapor pressures given by these equations are believed to be accurate to within one 
per cent from 220° to 350°K, within 3 per cent up to 600° and within about 8 per cent at 1000°K. 
IN SOME early studies of the effects of caesium vapor on thermionic pheno- 
mena!” it was observed that with a negatively charged cylinder surrounding 
a hot filament, positive ion currents were obtained which are independent 
(over wide ranges) of filament temperature and of voltage, but increase rapidly 
as the caesium vapor pressure is raised. These results were interpreted as indic- 
ating that every caesium atom which strikes a filament (above about 1200°K) is 
converted into an ion. The ion current thus serves as a measure of the pressure. 

The vapor pressure p of caesium, in baryes, was found to be accurately 
expressed (in a temperature range from 0 to 40°C) by the equation 

logig Pp = 10.65—3992/T. (1) 

The experimental data and the details of the method by which this equation 
was obtained have not been published. 

These results have been criticized by Rowe* who compared them with 
measurements of Kroner‘ in the range from 250° to 350°C. Rowe found that 
Kréner’s data could be expressed by 

10g;0Pmm = 7-165—3966/T, (2) 

* Dr. Taylor died January 22, 1937. 

1 I. Langmuir and K. H. Kingdon, Phys. Rev. 21, 380 (1923) and Science 57, 58 (1923). 

* I. Langmuir and K.H. Kingdon, Proc. Roy Soc. A107, 61 (1925). 


* H. Rowe, Phil. Mag. 3, 544 (1927). 
“ A. Kroner, Ann. d. Physik (4) 40, 438 (1913). 
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while Eq. (1) expressed in the same units is 
logioPmm = 7.525—3992/T. (3) 


The Langmuir-Kingdon (L-K) values of Eq. (3) are greater than those 
calculated from Kréner’s data by a factor that varies from 1.85 at 27°C to 2.02 
at 327°C. Rowe believed that the positive ion method is at fault, and that the 
discrepancy can be explained by assuming that the caesium ions that leave the 
filament have a double charge. 

More recently Taylor and Langmuir® have measured the limitations of the 
caesium ion current by space charge in a cylindrical collector. These measure- 
ments prove that the value of e/m for the ions is within 1.5 per cent of that of 
singly charged ions. The high energy (23 volts) required to remove a second 
electron from a Cs atom would preclude the possibility of double ionization 
by thermal means. 

De Boer and Dippel® have examined available data on caesium vapor pres- 
sure and conclude that Kréner’s data, Eq. (2), give the best values and imply 
that the L-K values of Eq. (3) are too high by a factor of about 2, although 
they consider that the temperature coefficient of Eq. (3) is probably accurate. 
They call attention to the fact that the equations for solid and liquid caesium 
should be different. 

De Boer in his book’ proposes other possible explanations for the high pres- 
sures that L and K obtained. He suggests that the freeing of electrons from 
the ion collecting surface by ion bombardment and by photoelectric emission 
may have increased the current. Also he thinks that the caesium pressure in 
the tube may have been higher than that corresponding to the bulb temper- 
ature because of the heating of the cylinder by the radiation from the filament. 

As a matter of fact, Kingdon before 1924 was thoroughly familiar with all 
of these possible sources of error and took precautions to avoid them. The 
remarkable constancy of ion current as the filament temperature and the vol- 
tage on the collector are raised was described,! and these facts prove that the 
errors suspected by de Boer could not have been present in the experiments. 

Recently van Liempt® has reviewed all the literature on this subject and 
proposes the following equation for the whole temperature range from 0°C 
to 700°C, 

10g :0Pmm = 6.62—3701/T. (4) 


Eucken® has developed general equations based on the second and third 
laws of thermodynamics for the vapor pressures of metals, taking into account 


5 J. B. Taylor and I. Langmuir, Phys. Rev. 44, 423 (1933); see especially p. 442. 

* J. H. de Boer and C.J. Dippel, Zeits. f. physik. Chemie B21, 273 (1933). 

7 J. H. de Boer, Electron Emission and Adsorption Phenomena (Cambridge University Press. 
1935), p. 65. 

8 J. A.M. van Liempt, Receuil des trau chimiques d. Pay.-Bas. 55, 157 (1936). 

° A. Eucken, Metallwirtschaft 15, 27, 63 (1936). 
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the specific heats of the liquid and vapor phases in order to get the temperature 
coefficient of the latent heat. For caesium, using the data of Kréner,4 Hack- 
spill,° L and K?, he obtains 


10g10 Pmm = 11.38—1.45 log,» T—4075/T. (5) 
A comparison of the vapor pressures of caesium at various temperatures 
from all these equations is given in Table I. 
TABLE | 


A Comparison of Vapor Pressure Data for Caesium. Pressures in mm of Hg 





| | L-K | Kroner |v. Liempt | Eucken T-L 
el - | Eq. (3) Eq. (2) | Eq. (4) Eq. (5) Eq. (16) 
| O—60°C | 250—350°C | O—700°C 0—700°C or (17) 
26.9 300 | 1.654x 10-* 8.85x 10-7 1.92x10-§ | 1.603 10-¢ | 1.721 10-* 
126.9 400 | 3.51 x 10-3 1.78 x 10-3 2.33x 10-> , 2.63 x 10-3 2.74 x 10-3 
226.9 500 | 0.348 0.1714 0.165 0.207 i 0.212 
326.9 600 _ 3.60 2.83 3.63 3.70 
526.9 800 _ 161.4 98.6 119.3 121. 


726.9 1000 | = 1581. 830. 902. 916. 





Eucken’s equation is the only one that gives reasonably good agreement 
with the various experimental determinations over the whole range of tempera- 
ture. It should be noted that while Rowe and de Boer believe that the true 
vapor pressure is only 50 per cent of that given by L and K, Eucken from the 
same experimental data obtains a value only 3 per cent lower than L and K. 
In view of the lack of agreement shown by the data in Table I more accurate 
vapor pressure determinations by the positive ion method are needed, over 
as wide a range of temperature as possible. 


The Positive Ion Method 


With a given pressure of caesium and with a sufficiently strong accelerating 
field for ions to overcome space charge, there is a critical filament temperature, 
T,, above which every caesium atom that strikes the filament escapes as an 
ion. Below 7, the ion emission is very small although it is sufficiently large 
to be measurable at temperatures as much as 100° below T,. 

Thermodynamic considerations place an upper limit to the fraction of the 
incident atoms that can be ionized, but with caesium vapor in contact with 
pure tungsten and with an accelerating field produced by more than —45 volts 
on the collector this theoretical limit is 0.9998 at 1200°K and 0.9977 at 1800°K. 


1° L. Hackspill, Ann. chim. phys. [8] 28, 611 (1913). 
"' Reference 5. See particularly Fig. 18, pp. 440, 445 and 447. 
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The critical temperature increases with increasing caesium pressure. The 
data of Fig. 18 of the previous paper show breaks at the critical temperature 
T, which can be expressed as a function of y,, the rate of arrival of Cs atoms 
(atoms -cm-*- sec~?) at the filament, by 


log,o#, = 27.791—14350/T,. (6) 


The temperatures calculated in this way, however, are those at which the 
filament goes over spontaneously to the emitting condition — it does not return 
to the nonemitting condition until a somewhat lower temperature is reached. 
Eq. (6) thus gives an upper limit to T,. 

To utilize this emission to measure ~, we must know the area of the e emit- 
ting part of the filament. The portions of the filament near the leads where 
the temperature is below T, give no appreciable ion emission. This difficulty 
can be avoided by using a tube like that described in the previous paper® where 
the guard-ring principle was used to get the emission only from the central 
part of the filament. With such a tube it was found that an increase in voltage 
from 45 to 310 did not produce a change in ion emission as great as 0.05 per- 
cent. When the filament temperature was raised above 1400° the light from 
the filament liberated phototelectrons from the caesium film on the cylindrical 
conducting walls of the tube and increased the observed current. 

An analysis of the data showed that these photoelectric currents 7, increased 
with the filament temperature according to the relation 


log,o(i.) = A—12,270/T, (7) 


where the constant A depended on the condition of the caesium film. After 
subtracting these photocurrents it was found that the ion emission was inde- 
pendent of temperature within the experimental error. 

There is, however, a difficulty in using the tube of the previous experiments 
for accurate vapor pressure measurements. If the caesium vapor in such a tube 
is kept saturated, sufficient caesium is deposited on the folds of glass which 
separate the three cylindrical sections to cause considerable conductivity be- 
tween the sections and to decrease the accuracy of the measurements. Local 
heating coils on the glass folds were used in the experiments to prevent this 
conductivity, but these disturb the isothermal conditions desired in the vapor 
pressure measurements. Experiments with metallic cylinders (as early as 1923) 
had shown that at low pressures relatively large amounts of caesium are adsor- 
bed on the cylinders and are very slowly given up as the cylinders become 
heated by radiation from the filaments. Under such conditions it is impossible 
to make sure of having equilibrium vapor pressure. 3 

Our present knowledge of the heat conductivity of tungsten’ and of the 
temperature distribution" along the filament near the leads has greatly decreased 


12 I. Langmuir and J. B. Taylor, Phys. Rev. 50, 68 (1936). 
8 I. Langmuir, S. MacLane and K. B. Blodgett, Phys. Rev. 35, 478 (1930). 
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the need for guard rings to eliminate end effects. It was therefore decided 
to use a tube of very simple construction having a single hair-pin filament 
and a deposit of platinum on the inner surface of the bulb to serve as an ion-col- 
lecting electrode. The effective length of the emitting part of the filament was 
determined by calculating the distance from the leads to a point where the 
temperature is J,. Visual observations were also made of the positions of the 
points where the filaments were just visibly incandescent (about 1050°K). 


Description of Tube 


The tube used in all the experiments recorded in this paper was made 
from a cylindrical glass bulb 5 cm in diameter and 15 cm long. Near its lower 
end a side tube 1 cm in diameter and 5 cm long was provided to contain 
the caesium. Through the walls of the tube two platinum wires were sealed 
to provide contact with the platinum deposit. A platinum hairpin filament 
was mounted in the tube and vaporized in high vacuum until the resistance 
between the two platinum wires fell to 20 ohms. 

The platinum filament was then removed and a pure tungsten hairpin 
filament of 0.00513 cm diameter and 18.90 cm total length was mounted in 
the bulb. This filament was of wire from the same spool as that used in the 
previous experiments.’ The leads were of such heavy tungsten (20 times the 
filament diameter) that they were not appreciably heated by conduction from 
the filament. The leads were about 10 cm long and extended up through nar- 
row glass tubes which extended above the bulb so that when desired their 
upper ends could be kept above the level of the insulating oil in which the rest 
of the tube was completely immersed during the experiment. 

The caesium used in the experiments had been fractionally distilled in 
vacuum in several stages. About 1.5 cc of it was sealed into a thin-walled 
spherical bulb and this was placed in a side tube (attached to the appendix) 
in which there was also a heavy-walled sealed glass tube containing a piece 
of iron. The entire tube (except the side arm containing the Cs capsule, which 
was held at a somewhat lower temperature to avoid attack of the glass by 
the Cs) was then baked one hour at 410°, one hour at 350° and one hour 
at 300°C. The filament was aged at 2400°K and flashed at 2800°K. The Cs 
capsule was then broken by dropping upon it the glass-encased iron weight 
which had been lifted magnetically. About half of the Cs was then slowly 
distilled into the appendix and the side tube containing the capsule was sealed 
off; very little gas was evolved (only enough to raise the pressure about 
0.001 mm). The filament was run at 2500°K for 15 minutes in presence of 
the Cs vapor and then the tube was sealed off from the pump. The melting 
point of the Cs in the appendix was measured and found to be 28.6°C, in- 
dicating freedom from other alkali metals since traces of these greatly lower 
the melting point. 
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Experiments to Determine the Vapor Pressure 


The tube was completely immersed in oil in a large Dewar flask, holding 
about 6 liters, which was constantly stirred. The platinum deposit was used 
to collect the ions emitted by the filament. The current was measured by 
a galvanometer giving 2.32x 10-4 amperes per mm deflection. The bath 
temperatures were not thermostatically controlled since it was found that 
the drift of temperature was imperceptible during the course of measurements 
at any given temperature. The temperatures were read to the nearest 0.1° 
by a calibrated thermometer. As a precaution against any changes in 7, which 
might conceivably result from contamination of the filament surface by oxy- 
gen sputtered from oxide on the walls by ion bombardment, the filament 
was momentarily flashed at 2600°K before each set of readings at a given bath 
temperature. No detectable changes in ion current resulted from this flashing. 

Tables II and III give typical data. The reasonably satisfactory agreement 
between D(calc.) (246+7,) and D(corr.) shows that the increase of D(corr.) 


TaBLe II 
Data Taken with Tube at —34.5°C. T,,, Temperature at Center of Filament Cal- 
culated from A|d*!* Given in the fones-Langmuir Tables.* D, galuanometer deflection 
(proportional to ton current). AL, distance (cm) to point on filament at tempe- 
rature T, (Eq. (8)) where emission begins. L = L, —2AL, effective filament 
length. D(corr.) = DL,|/L, calculated current if leads did not cool filament (should 
be independent of Ty, except for photoelectric emission). i,, photoelectric emis- 
ston calculated from Eq. (7). D(calc.) = 246+171,. T,= 788°K; V = —120 
volts; A = 10.277; Dy = 246; I, = 1.874x10-® amp. cm-*; Ly = 18.9 cm. 











Tj, | DP | AL cm | LoL | D (corr.) | i, | D (calc.) 
1100 215 1.27 1.155 248 0.13 246 
1200 224 0.92 1.108 248 1.1 247 
1300 234 0.68 | 1.078 252 69 | 253 
1400 262 0.45 | 1.050 275 33 279 
1500 364 041 | 1.046 381 125 371 
1600 630 033 | 1.037 | 653 405 651 
1700 1310 0.27 1.030 1350 1140 1386 
3020 2880 3126 


1800 2950 0.22 1.024 





* H.A. Jones and I. Langmuir, Gen. Elect. Rev. 30, 310, 354, 408 (1927). 


with T,, is accounted for by the photoemission. The data of Table II thus 
give Dy = 246 as the true ion current from the whole length of uncooled 
filament. Converting this to amperes and dividing by 0.3046, the total surface 
area of the filament, gives J,, the positive ion current density. 

In Table III at a higher bulb temperature the currents are more than 10,000 
times greater and thus the photoelectric currents are negligible. It is seen that 
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TaBLe III 
Data Taken with Tube at +39.9°C. T, = 1081°K; V = —80 volts; 
Dy = 2.14 x 108; I, = 1.630 10-* amp. cm-?. 























Tu | 10-*D | AL cm LIL | 10-*D (corr.) 
1100 | 130 2.99 | 1.46 | 190 
1200 177 | 1.62 | 1.206 | 214 
1300 188 | 1.11 | 1.134 | 213 
1400 197 0.82 | 1.095 | 216 
1300 200 0.63 1.071 214 
1600 205 | 0.50 | 1.055 | 216 
1700 208 0.40 1.044 | 217 


1800 211 | 0.33 | 1.036 | 218 








D(corr.) is satisfactorily constant, the marked variation of D with T,, being 
entirely accounted for by the cooling effect of the leads. The low value of 
D(corr.) at 1100 would be brought to normal by only a few degrees’ change 
in T, (which is only 19° less than 7,,). The data confirm the accuracy of the 
choice of T,. 


Calculation of 7, 


It has been pointed out that T, given by Eq. (6) is an upper limit. A meth- 
od of calculating the value of T, at which the boundary between the emitting 
and nonemitting phases is stationary has been outlined in a previous paper.’ 
Fig. 1 illustrates the calculations of T, by this method. The ordinates re- 
present »,+-y, as a function of 6. Here », was calculated from columns 2 and 
3 of Table I of reference 5, while v, is 7 times the value of », given by columns 
4 and 5 of this table. The factor 7 takes into account the effect of the field in 
increasing the ion emission as was shown on p. 445 of reference 5. Unpublished 
experiments on the rate of movement of the boundary between the emit- 
ting and the nonemitting surface phases have furnished the experimental 
justification of the procedure we are now using to calculate T,. 

The two curves in Fig. 1 are calculated for T = 800° and T= 1111°. 
The horizontal lines AA’ and BB’ are so drawn that the areas enclosed between 
this line and the upper and lower portions of the curve are equal. That is 
f (v.+%,—,) 40 = 0, when the integration extends between the two outer 
intersections of the horizontal line with the curve (points A, A’ or B and B’). 
From the location of these lines we find 


at T,= 800 yw, ,=1.9x10", 
at T,= 1111 yw, = 2.110". 


J, Langmuir, 7. Chem. Phys. 1, 1 (1933). See especially p. 7, also see reference 5, p. 441. 
%® |. Langmuir and J. B. Taylor, Phys. Rev. 40, 463 (1932). 
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Plotting log uw, against 1/T as in Fig. 18 of reference 5 we find 
: logio Ha = 25.66—11,500/T, (8) 


for the relation between yu, and the temperature 7, which gives a stationary 





Fic. 1. Plot of »,+ ¥, as a function of 6, at two tempera- 

tures T, to determine the value of 4g at which the 

boundary between the emitting and nonemitting 
phases is stationary. 


phase boundary. The values of u, vary with bulb temperature and can be 
calculated from p, the vapor pressure of Cs in Table IV by Eq. (10). The 
last column of Table IV contains values of J, calculated in this way. 


Calculation of AL 


The value of x—x, was first calculated from the data of Table II of re- 
ference 13, taking the lead temperature to be 300°K. Then the heat flow Q 
into the lead was obtained by Eq. (37)"8; this was used to calculate the correc- 
tion Ax given by Eq. (75) which allows for the higher values of heat con- 
ductivity A which were found for temperatures below 1500°K. The actual 
correction used ranged from 75 to 95 per cent of the value of Ax given by 
Eq. (75) since a study of possible transition curves between A determined in 
reference 12 with that used in reference 13 showed that only for temperature 
T, as high as 1500° should the full value of Ax be used. This is the most 


Google 


Vapor Pressure of Caesium by the Positive Ion Method 461 


TaBLe IV 
Data for Calculation of Vapor Pressure. Probable error in logy, p = +0.0043 
= +1.0 per cent in p. Probable error in t, (calc.) is +0.10° 











Diff. 
Accelera- | Lowest Oe ee obs. 
ty T ting Ty anaD: ae | x10 minus At Te 
Voltage Used calc. 
| | ee xd x 10¢ 
—34.5°C | 238.6 120 1100 | 1.874x10-*| 3.8973 | — 29} —0.04° 788°K 
—30.0 243.1 80 1000 | 3.85 x10-*| 4.2146 | + 6]|] +0.01 |. 805 
— 20.0 253.1 80 1000 | 1.736x 10-7} 4.8772 | + 62] +0.10 844 
0 273.1 5—80 1000 | 2.88 x10-*|} 6.0313. | — 75 —0.14 921 
+ 3.6 276.7 160 1100 | 3.816x10-*| 6.2384 | + 76 +0.15 936 
17.9 291.0 160 1200 | 1.904x10-§| 6.9475 | + 16] +0.03 992 
19.8 292.9 80 1100 | 2.315x10-§| 7.0341 | — 15 —0.03 1000 
25.4 298.5 | 40—160 1500 | 4.234x 10-5 | 7.3001 | + 68 | +0.15 1025 
30.2 303.3 | 30—125 | 1100 .| 6.66 x10-®| 7.5005 | — 31 —0.07 1042 
38.2 311.3 | 45—160 1300 | 1.382x10-*| 7.8231 | — 81 —0.20 1072 
39.9 313.0 80 1100 | 1:630x10-*| 7.8960°| — 25 — 0.06 1081 
46.2 319.3 300 1300 | 2.856x 10-4 | - 8.1439 | + 23 +0.06 1106 
67.8 340.9 320 1300 | 1.637x10-*| 8.9162 | +111 +0.32 1193 
72.7 345.8 320 1400 | 2.247x10-* | 9.0568 | — 90 —0.27 1208 


uncertain part of the determination of AL, but the posable error introduced 
into the calculation of L,/L is not serious,! being of the order of 1 per cent 
at 7,,= 1100 and 0.5 per cent at 1300°. 


Calculation of Vapor Pressure 


Data like those in Tables II and III were obtained at a series of other tem- 
peratures and the values of J,, the ion current density, are recorded in column 
5 of Table IV. In some of the experiments several negative voltages were 
used on the collector as shown in column 3. In every case within the ran- 
ges given there was no measurable change in current. At the higher bulb tem- 
peratures such as 46°C it became necessary to employ higher voltages to over- 
come the space charge of the ion current. 

An attempt was made to use a bulb temperature of 88°C but the current 
was limited by space charge even at 350 volts. Higher voltages seem undesi- 
rable because of possible gas evolution by ion bombardment. 


16 It was planned in these experiments to determine 7, by actual observation of the tem- 
perature Ty, at which the emission suddenly increased and then after the filament was transferred 
to another bulb with clear walls to use an optical pyrometer to determine the points near 
the leads where the temperature is J, with a series of values of Ty. In this way L,/L could 
be determined with high accuracy. Dr. Taylor’s untimely death interrupted these experiments 
and necessitates the more troublesome and less accurate calculations of L,/L. 
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In all cases except the measurement at 25.4°, Ty, was varied from the 
value given in column 4 up to 1800°K. At 0°C the photocurrent was per- 
ceptible only above 1400°; at 30.2°C it was not observable even at 1800°. 
However, the observations above 1600° did not seem to be as accurate as those 
between 1400 and 1600°. 

Dividing the J, by 1.592x10-}*, the electron charge in coulombs, gives 
Ht, the number of atoms per sq. cm which strike the filament. This is related 
to the pressure p, in baryes, by the equation 


| p = (2amKT)"x, (9) 
from which we obtain for Cs (M = 132.8) 
logio Pp = log uw, +0.5 log,, T—18.3621, (10) 


where T is now the bulb temperature. 
The values of log.) p calculated in this way from J, are given in column 6. 


Equation for Vapor Pressure 


The data above the horizontal line in Table IV are for solid caesium, while 
the lower part contains data for liquid caesium. The latent heat of fusion must 
be taken into account in comparing these results. It should be noted that in 
the range covered by the experiments the pressure increases by a factor of 
about 140,000, which is about 43 per cent of the whole logarithmic range 
up to atmospheric pressure. Over any such wide range, especially if we are 
to extrapolate to higher temperatures, it is necessary to consider the tem- 
perature variation of the latent heat of vaporization, by taking into account 
the specific heats of the vapor and liquid. 

Fortunately excellent calorimetric data are available from the work of 
Rengade.!” He gives for the specific heats (at constant pressure) 


Solid Cs . 
C; = 6.92+ 0.00362 cal. (g atom)-? deg.—, 11 
Liquid Cs oD 
C, = 8.00—0.0045 ¢ cal. (g atom)" deg.-}, 
where ¢ is the temperature centigrade. 
The vapor pressure curve can be put in the form 
logig Pp = A+(2.5—C/R) logio T—B/T, (12) 
where the gas constant R = 1.986. 
The temperature coefficient of C, was measured only between 28° and 100°C 


It is certain that C, at higher temperatures cannot fall below the Dulong 
and Petit value of a solid, 6.3, and thus the temperature coefficient of C, at 


17 Rengade, Comptes rendus 156, 1897 (1913). See International Critical Tables, Vol. 2, p. 458 
and Vol. 5, p. 93. 
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higher temperatures must decrease. We may therefore neglect the tempera- 
ture coefficient of C, and C, if we use average values for the range of most 
interest. We chose for the coefficient (2.5—C/R) the value —1.00 for solid 
and — 1.35 for liquid Cs which correspond to C, = 6.95 (at+6°) and C, = 7.65 
(at 78°C). The figures in parenthesis are the temperatures at which, by Eq. 
(11), C, and C, have the values chosen. These values should permit a wide 
extrapolation of the vapor pressure data. 

Rengade gives 500.6 as the latent heat of fusion of Cs. For the alkali metals 
the values of L/T,, where 7, is the temperature of fusion, are very nearly 
the same: —7.1 for Na; 7.1 for K; 7.0 for Rb and 6.95 for Cs. This is strong 
evidence that Rengade’s value of L is accurate. The value of B for solid and 
liquid caesium should differ by L/4.573, so that we have 


B, = B,+109. (13) 
The values of A;, A,, B, and B, for Eq. (12) have been chosen by the 
method of least squares to fit the data of Table IV, to satisfy exactly Eq. 
(13), and to give p, = p, at T = 302°K (the melting point). 
The final equations which best represent the data are: 
For solid caesium (T'< 302°), p in baryes 


logio Ps = 13.6710—1.00 log,, T—4150/T. (14) 
For liquid caesium (T > 302°), p in baryes 
| logyy Pp, = 14.1781—1.35 log, T—4041/T. (15) 
To express the pressures in mm of Hg the equations are 
logio Ps = 10.5460—1.00 log,, T—4150/T, (16) 
logio P, = 11.0531—1.35 log,, T—4041/T. (17) 


Column 7 of Table IV gives the difference between log,, p in column 6 
and the values of log,,) p calculated by Eqs. (14) or (15), multiplied by 10*. 
The ‘‘probable error’’ of the data for a single temperature is thus 1 per cent 
in pressure. 

Column 8 gives the amount by which t, would have to be raised to give 
the observed pressure by Eqs. (14) or (15). The errors in pressure thus cor- 
respond to a ‘‘probable error” in temperature of 0.10°. 

The change in slope of the log, p/vs. 1/T plot at the melting point is 
very apparent if the data in column 6 are plotted accurately. This may be 
better illustrated by applying Eq. (15), for liquid Cs, to calculate the pres- 
sure at —34.5°. We obtain a value of logy) p, of 4.0320, whereas Eq. (14) 
gives logiy ps; = 3.9002. Thus p, is 36 percent higher than p, — a difference 
36 times greater than the probable error. 

The vapor pressures determined by this positive ion method are thus much 
more accurate than those obtained by other methods. They should also be 
particularly free from systematic errors. No attempt was made in these experi- 
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ments to obtain greater accuracy than shown by these results. We believe 
that the method is capable of high precision if the cooling effects of the leads 
are properly determined by temperature measurements. Filaments of smaller 
diameter and greater length would also reduce the errors. 


TABLE V 


Coefficients A and B in Eq. (18) which give the Vapor Pressure of Cs in mm 
within 0.5 per cent for Specified Temperature Ranges 























Ty | Range °K | A | B 
263°K 224—302 7.6920 | 4036 
355 302—408 7.0223 | 3833 
479 408—551 | 6.8460 3760 
647 551—745 | 6.6706 3662 

| 6.4942 3529 


873 745—1000 





It is possible to extend the measurements of vapor pressure by the positive 
ion method to very much lower temperatures by using the accumulation 
method described in the previous paper.’ For example, if the filament is flashed 
to clean it and is then allowed to remain in a lower pressure of caesium for a time 
sufficient to give 10'° ions per cm*, these ions will give a ballistic kick 
on an electrometer (or vacuum tube) if the filament is again flashed. The 
difficulties due to photoelectric effect are also largely eliminated by this method. 
An accumulation time of ten hours and a sensitiveness of 10!° ions would 
correspond to a pressure of about 10-2 baryes or a temperature of about —70°C. 
With a good electrometer it is possible to detect ballistic kicks of 100 electrons 
which would be obtained in 10 hours by accumulation at a pressure of 10-?° 
baryes or an average of one atom per cubic meter. Of course, special means 
would then have to be adopted to avoid photoelectric effects. Dr. Kingdon 
in this laboratory detected the presence of caesium by galvanometer kicks 
at temperatures of about —70° but made no accurate measurements. 

The pressures in mm of Hg by Eqs. (16) and (17) are given in the last 
column of Table I for comparison with the older data. The agreement with 
Eucken’s equation from 500 to 1000°K is excellent. The greatest error is at 
low temperatures, Eucken’s value being about 7 per cent low at 300°. 

The L-K equation between 250° and 330°K is the best single equation 
of this type that can represent the data. At 262° and at 314° the agreement is 
perfect. The greatest deviation between 250° and 330° is 4 percent at the 
melting point (302°K). | 

In calculating vapor pressures it is far more convenient to use an equation 
of the form 

logi) p = A—B/T (18) 
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than to use equations like (14) to (17) with a term containing log 7. In 
the neighborhood of a selected temperature 7,, it is always possible!® to re- 
present vapor pressure over a fairly wide range by Eq. (18) by proper choice 
of A and B. 

The values of A and B to be used in specified ranges to get p, or p, 
within 0.5 per cent are given in Table V. 

Examination of Table I shows that the large discrepancies which troubled 
Rowe, de Boer, Dippel and v. Liempt are not real, but are due to their at- 
tempt to extrapolate over too wide a range of temperature by Eq. (18). Thus 
Kréner’s data, as expressed by Eq. (2), agree exactly (p = 5.20 mm) with 
our E4. (17), or Table V, at 342°C, which is within the range 250 to 350°C 
covered by his experiments. At 250°C Kréner’s data give 0.382 as compared 
to our 0.454 mm (or 16 per cent too low). Hackspill’s data are evidently not 
very accurate for they cannot be represented by Eq. (18). His measurement 
at the highest temperature (397°C), however, agrees exactly with our value 
of 15.9 mm at this temperature. His data at temperatures from 272° to 350°C 
are from 8 to 15 per cent high, while a measurement at 244°C is 35 per cent low. 

We have thus experimental justification for using Eq. (17) up to the 
temperatures of about 700°K. The accuracy of the measurements of p indica- 
ted by the data of Table IV and the wide range of pressure covered by 
these data give reason for believing that no large error can arise even in extra- 
polating to 1000°K. Thus, if there is a 1 per cent progressive error in p be- 
tween —34.5°C and +72.7°C, this would entail an error of only 2.4 per cent 
at 1000°. If we consider that the specific heat of liquid Cs above 600° begins 
to deviate from the value 7.65, which we have assumed and has an uncertainty 
of 0.5 unit at 1000°, the error in p at 1000° would be only 5 per cent. It is 
therefore probable that Eq. (17) gives p correctly within 8 per cent even at 
1000°K. 


18 J, Langmuir, J. Am. Chem. Soc. 54, 2798 (1932). 
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